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2A B S T R A C T
T h is  th e s is  is a s tu d y  of th e  in f lu e n c e  o f l i n g u is t ic  c o n s t r a in ts  on 
au tom atic  speech re c o g n i t io n  b y  c o m p u te r .  T h e  s t r a te g y  is to c o n s t ra in  
the  re c o g n i t io n  p ro ce ss  b y  k n o w le d g e  about the  p a t t e r n  to be 
re c o g n ise d ,  in th is  case th e  in to n a t io n  system o f  B r i t i s h  E n g l is h .
The  ca te g o r ica l  n a tu re  o f th e  p e rc e p t io n  o f p i t c h  movement 
c o r re s p o n d in g  to nu c le a r  s y l la b le  in to n a t io n  is d e m o n s t ra te d .  It is 
shown th a t  H a l l iday 's  sys te m  o f f iv e  p r im a r y  tones  is a p p ro p r ia te  and 
app licab le  to autom atic  in t o n a t io n  a n a ly s is .
A com pu te r  a n a lys is  system  was c o n s t r u c te d  w h ic h  uses dynam ic  
p ro g ra m m in g  time w a rp in g  to  compare fu n d a m e n ta l  f re q u e n c y  p a t te r n s .  
T h e  ana lys is  is c o n s t r a in e d  b y  an in to n a t io n  tone g ro u p  s t r u c t u r e  
g ram m ar. T h e  gram m ar c o n s is ts  o f c o n t e x t - f r e e  r e w r i te  ru le s  and a 
lex icon  o f  in to n a t io n  te m p la te s .  T h e  a n a lys is  sys tem  com pr ises  a ru le  
t r a n s la t o r ,  a s y n t a x - d i r e c t e d  a n a ly s e r ,  d y n a m ic  p ro g ra m m in g  
fu n d a m e n ta l f r e q u e n c y  c o n t o u r  m a tche r,  and a speech p re p r o c e s s o r .
The  system was used in n u c le a r  tone a n a lys is  and c la s s i f ic a t io n  
e x p e r im e n ts  fo r  speaker d e p e n d e n t  and in d e p e n d e n t  tone re c o g n i t io n ,  
and fo r  connec ted  u t t e r a n c e  ana lys is  o v e r  the com ple te  tone g r o u p .
T he  re s u l ts  show th a t  a l im i te d  p ro s o d ic s -o n ly  speech re c o g n is e r  is 
p ra c t ic a l .
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C HAPTER  1
A COMPOSITE S TR A TE G Y  O N  THE PROBLEM  
OF A U T O M A T IC  SFEECH R E C O G N IT IO N
C h a p te r  1
S p e e c h  r e c o g n i t i o n  b y  m a c h in e
T h e  most im p o r ta n t  means o f com m un ica tion  be tw e e n  people is 
speech -  the  p r im a r y  m a n i fe s ta t io n  o f la n g u a g e . U n t i l  v e r y  r e c e n t ly ,  
th e  a b i l i t y  to sp e a k ,  the  a b i l i t y  to use b o th  the  p h y s ic a l  a p p a ra tu s  and 
th e  c o n t r o l  mechanisms in v o lv e d ,  has been a u n iq u e  and id e n t i f y in g  
t r a i t .  Speech is an im p o r t  in t fe a tu re  o f hum an s o c ie ty :  man has been 
d e f in e d  as the  t a l k in g  animal b y  A r is t o t l e ;  and the fa c i l i t y  of speech 
has even been d e s c r ib e d  as an e v o lu t io n a r y  t r a i t  (L ie b e rm a n  1968; 
S te v e n s  1975; L ie b e rm a n  1981). With the in t r o d u c t io n  o f  the s to re d  
in s t r u c t io n  p ro g ra m  d e v ic e s  in the form  o f d ig i t a l  co m p u te rs ,  
c o n s id e ra b le  e f f o r t  has been spen t in to  a llo w in g  these machines to  use 
th a t  d is t in g u is h in g  q u a l i t y  o f language .
We can v iew  language  as a means o f  com m u n ica t io n . One 
im p o r ta n t  model o f  th is  fu n c t io n  of language d e r iv e s  from  the 
m athem atica l th e o r y  o f com m un ica t ion  (S h a n n o n  and Weaver 1949), 
m a k in g  d is t in c t  th e  p ro c e s s e s  of t ra n s m is s io n  and re c e p t io n ,  and in 
t u r n  d is t in g u is h e s  these from  the com m un ica tion  c h a n n e l .  B u i ld in g  
f u r t h e r  on th is ,  we may look on sound  as a channe l fo r  speech, and 
also on language  as a c h a n n e l ,  i t s e l f  a code , fo r  meaning (Lamb 1966; 
Lo ckw o od  1971). J u s t  as the  com m un ica tions  e n g in e e r  e x p lo i ts  h is  
k n o w le d g e  o f  the co m m un ica t ion  ch a n n e l he is dea ling  w ith  to th e  f u l l ,  
so we can use o u r  k n o w le d g e  o f the  language  code to enable im p ro v e d  
machine a n a ly s is  and s y n th e s is  of speech.
One o f the  p ro b le m s  in d e a l in g  w ith  a com m un ica tion  system lies 
in  the e n c o d in g  and s u b s e q u e n t  deco d in g  p ro c e s s e s ,  the  in te rm e d ia ry  
s tages be tw e e n  the in fo rm a t io n  in human fo rm  and the  tra n s m is s io n  b y  
th e  c h a n n e l .  F o r  peop le  u s in g  th is  p a r t  o f th e  p ro c e s s  it is the  
fa m il ia r  ta lk in g  and l is te n in g  o f  e v e ry d a y  a c t i v i t y ;  the  machine use  of
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speech w il l  e n ta i l  the ach ievem ent o f the  o p e ra t io n a l ly  s im ila r  a c t iv i t ie s  
o f speech s y n th e s is  and speech a n a ly s is .  It  is  o f te n  d i f f i c u l t  to  rea l ise  
the  scale o f th e s e  p rob lem s: we use speech so f lu e n t l y  and 
th o u g h t le s s ly  th a t  we take  language fo r  g r a n t e d .  In  o rd e r  to g e t  a 
co m p u te r  to a n a ly s e /s y n th e s is e  ( li s te n / ta lk  ) one  s t r a te g y  is to  mimic in 
some way ju s t  such  elements and p rocesses  t h a t  are n o rm a lly  im p lic i t  in 
human speech .
We need to  know ju s t  what is used in speech com m un ica t ion  and 
how these com ponents  are u s e d .  H o w e ve r ,  t h e r e  is no re a d i ly  ava ilab le  
b o d y  o f k n o w le d g e ;  it is not a t r i v i a l  task to  a c q u ire  th is  k n o w le d g e  -  
t h i s  is one o f  th e  goals of l in g u is t ic s .  B e in g  able to  c o n s t r u c t  machines 
th a t  use speech in a way in some sense ana logous  to human p e r fo rm a n c e  
can be c o n s id e re d  a form  o f m ode ll ing  human com m un ica t ion : in  o rd e r  to 
model any p ro c e s s  we need k n o w le d g e  o f the  esse n t ia l  com ponents  and 
t h e i r  in t e r r e la t i o n .  T h e  composite  s t r a te g y  o f  th is  w o rk  is to g a in  
kn o w le d g e  o f  one aspect o f language , and to  use th a t  k n o w le d g e  in 
au tom atic  speech  re c o g n i t io n .
A s  w ell as the a c q u is i t io n  o f k n o w le d g e ,  th e re  is the c o n s id e ra t io n  
o f  social and economic adva n ta g e s  o f e n a b l in g  m an-m achine 
com m un ica t ion  b y  the speech c h a n n e l.  C o m p u te rs  are  a l re a d y  im p o r ta n t  
in  many p e o p le s  l ives, and are d e s t in e d  to p la y  an even more c e n t ra !  
ro le  in the  f u t u r e .  T h e  c o n v e n ie n t  and e f f i c ie n t  use of c o m p u te rs  w i l l  
be  enhanced  b y  the ease in w h ich  we com m un ica te  w ith  them . For 
exam ple , th e  common fo rm  o f com m unica tion  w i th  c o m p u te rs  at the  
p re s e n t  is v ia  a V is u a l  D is p la y  U n i t .  N e a r ly  all these u n i t s  c o u ld  be  
re p la ce d  w i th  vo ice -m ode  in te r fa c e s ,  w ith  g r e a t  a d va n ta g e .  F o r  a fu l l  
l is t  o f soc ia l ,  economic, te c h n o lo g ic a l ,  and m i l i t a r y  b e n e f i ts  see M a r t in  
( 1980), and L e a  and S houp  ( 1980). Speech is  the n a tu r a l  mode of 
com m un ica t ion  fo r  peop le : it is a r i c h  and f l e x ib le  com m un ica tion
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sys te m .
A t  f i r s t  it was d i f f i c u l t  fo r  r e s e a r c h e r s  in the  f ie ld  to reco g n ise  
the  scale o f  th e  p ro b le m s  in v o lv e d .  T h e  f i r s t  successes o f autom atic  
speech re c o g n i t io n  b y  co m p u te r  w e re  c o n f in e d  to iso la ted  word 
re c o g n i t io n  schemes. T h e  p a ra d ig m  here  is the  re c o g n i t io n  o f th e  ten 
d ig i t s  spoken  b y  one s p e a k e r ,  w i th  t r a in in g  o f  the machine on se ve ra l 
r u n s  o f  the  u t te ra n c e s  (D a v is  e t a t.  1952). T h e  m ethod was u s u a l ly  
the p a ra m e te r is a t io n  ( fo rm a n t  a m p l i tu d e  r a t io s ,  or o f z e ro - c ro s s in g  
c o u n ts )  o f an u t te ra n c e  and s u b s e q u e n t  m a tch in g  a g a in s t  a l is t  o f 
s to re d  te m p la te s .  S im p ly ,  the  m atch  w ith  the  h ig h e s t  score  in d ic a te d  
w hat had  bee n  sp o ke n .  Iso la te d  w o rd  re c o g n i t io n  was fa r  more rem oved 
from  c o n t in u o u s  speech re c o g n i t io n  than  was re a l ised  at f i r s t ,  and these 
m ethods fa i le d  b a d ly  when p re s e n te d  w ith  n a tu r a l  co n n e c te d  w ord  
u t te ra n c e s .
It was to  be e x p e c te d  th a t  su c h  a s e r io u s ly  d e f ic ie n t  model of 
lan g u a g e  c o u ld  not be e x p e c te d  to deal w ith  con n e c te d  u t te ra n c e s .  T h e  
d i f fe r e n c e s  b e tw e e n  th e  two fo rm s  o f  speech lies m a in ly  in c o a r t ic u la t io n  
e f fe c ts  and w i th  the o v e r la id  re a l is a t io n  o f p ro s o d ic  s t r u c t u r e  ( th e  
re d u c in g  o f  n o n -s t re s s e d  vow e ls  and  s y l la b le - t im in g  c o n s id e r a t io n s :  
C r y s t a l  and Q u i r k  1969).  T h e r e  a re  d is c re te  u n i ts  p re s e n t  in speech , 
b u t  th e y  are o f  p e r c e p t io n .  T h e  m is take  was to assume th a t  th e r e  is a 
o n e - to -o n e  m a pp ing  b e tw e e n  two r e p r e s e n ta t io n s  o f speech : p e rc e p tu a l  
and  a co u s t ic .
T h e  a p p ro a ch e s  a t te m p te d  at t h is  p o in t  c o n s is te d  o f  a r t ic u la t in g  
th e  id e n t i f i c a t io n  p ro c e s s  in to  a p h o n e m ic  t r a n s c r ip t io n  stage and a 
s y m b o l - s t r in g  id e n t i f ic a t io n  p r o c e d u r e  o p e ra t in g  on th e  re s u l ts  o f th is  
f i r s t  s tage . S u ch  an a p p ro a ch  is an echo o f  the l i n g u is t ic  th e o r ie s  o f 
the  e a r ly  S t r u c t u r a l i s t s  such as de S a u s s u re  ( 1959) and o f more recen t 
w o rk  b y  M a r t in e t  (1999) w h ich  p o s tu la te s  a doub le  a r t ic u la t io n  o f
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la nguage . T h is  a c c o rd s  w ith  the na ive  con ce p t io n  o f  language as b e in g  
composed of le t te rs  (p e rh a p s  e q u iv a le n t  to an o r t h o g r a p h ic  t r a n s c r ip t io n  
o f  phonem es) and w o r d s  ( p e rh a p s  e q u iv a le n t  to an o r t h o g r a p h ic  
t r a n s c r ip t io n  of fo r m -c la s s e s ) .  A g a in  a o n e - to -o n e  mapping  was t r ie d ;  
t h i s  time be tw een  a d e s c r ip t io n  of language ( i n  tw o la ye rs )  and the 
p rocesses  re q u i re d  to re co g n ise  w ha t is d e s c r ib e d  b y  tha t model. On 
th e  in fo rm a t io n  c o n ta in e d  on the p h o n e t ic  t r a n s c r ip t io n  leve l ,  o f te n  
th e r e  cou ld  be many c a n d id a te  p a t t e r n s ,  many le x ic a l  h y p o th e s e s  
fo r m e d .  T h e  p h o n o lo g ic a l  ru le s  o f  any g ram m ar a re  mainly co n c e rn e d  
w i th  the d is c a r d in g  o f  in fo rm a t io n  from ( o v e r - s p e c i f ie d )  lex ica l e n t r ie s  
( th e  le x ic a l re d u n d a n c y  concept o f  t ra n s fo rm a t io n a l  g e n e ra t iv e ;  C hom sky  
1965, p1 6 4 -1 7 0 ) .  T h e  way to choose be tw een  le x ic a l  h yp o th e s e s  is b y  
u s in g  in fo rm a t io n  abou t what w ord  sequences are  p o s s ib le  ( s y n t a x ) ,  
w h a t  sequences make sense (se m a n tics )  and what sequences  are 
p la u s ib le  in a s i tu a t io n  ( p r a g m a t ic s ) .  In fo rm a t io n  about what is 
e x p e c te d  c o n s t r a in s  th e  re c o g n i t io n  p ro ce ss .
A u to m a t ic  speech re c o g n i t io n  (A S R ) a tte m p ts  c o n t in u e d  from  he re  
w ith  p ro je c ts  such as th e  A d v a n c e d  R esearch  P r o je c ts  A g e n c y  Speech 
U n d e rs ta n d in g  R e s e a rc h  (ARPA S U R ) p ro je c ts ,  w h ic h  d is p la y e d  a fa r  
g r e a t e r  deg ree  o f l i n g u is t i c  s o p h is t ic a t io n .  A re v ie w  o f th is  w o rk  is 
g iv e n  in section 2 .2 .
T h e  p ro g r e s s  o f  autom atic  speech re c o g n i t io n  has been th r o u g h  
in c r e a s in g ly  more a p p r o p r ia te  models of language , com bined w i th  a 
s im i la r ly  in c re a s in g  a b i l i t y  to make use o f them on c o m p u te r  sys tem s. 
T h e  ty p e  o f l i n g u is t ic  c o n s t r a in t  o f  in te re s t  in  t h i s  resea rch  is 
kn o w le d g e  o f  p r o s o d ic  s t r u c t u r e ,  espec ia l ly  the  in to n a t io n  system  of 
c o n n e c te d  speech u t te r a n c e s .  T h e  m o t iva t ion  fo r  cho o s in g  th is  area 
comes from severa l s o u rc e s :
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1. A n y  a d d it io n a l  c o n s t r a in t  on the speech re c o g n i t io n  p ro c e s s  can on ly  
im p ro ve  i ts  p e r fo rm a n c e  w i th  r e g a r d  to i t s  re c o g n i t io n  a c c u ra c y .  We 
must d is t in g u is h  b e tw een  a lg o r i th m  and im p lem enta tion  h e re .  T h e  
q u e s t io n  o f e f f ic ie n c y  ( a p p r o x im a te ly  e q u a te d  w ith  n u m b e r  of 
in s t r u c t io n s  p e r  second o f  speech, fo r  d ig i t a l  c o m p u ta t io n )  is not 
c o n s id e re d  h e re  to  be re le v a n t  as a l im i t in g  fa c to r .  F o r  a re s e a rc h  
p r o je c t ,  any c o r r e c t  a lg o r i th m  can be  made to w ork  fas t  e n o u g h  
when ho s te d  on a fas t e n o u g h  m ach ine . C o n s id e ra t io n s  l ike  th a t ,  
and o th e r s  l ike  th e  c u r r e n t  a v a i la b i l i t y  o f  s p e c ia l -p u rp o s e  h a rd w a re  
and p ro g ra m  code  o p t im is a t io n ,  re d u c e s  much o f the c r i t i c is m  o f  a 
p u r e ly  re s e a r c h - o r ie n ta te d  p ro je c t ;  the  p r im a r y  task he re  is to 
deve lop  a s u i ta b le  re c o g n i t io n  s t r a t e g y .
A ls o ,  fo r  a r ic h  enou g h  set o f  p o s s ib le  in p u t  u t te ra n c e s ,  it 
w i l l  e v e n tu a l ly  be  fo u n d  th a t  the  a d d i t io n a l  c o m p le x i ty  o f  re c o g n i t io n  
b y  a h ig h ly  c o n s t r a in e d  system is less th a n  fo r  a le s s - c o n s t ra in e d  
sys te m . A r e d u c t io n  in h y p o th e s is  se a rch  space due  to c o n s t r a in t  
b y  a more p o w e r fu l  model w i l l  o n ly  be e v id e n t  when the  d i f f e r e n t ia l  
p e r fo rm a n c e  b e tw e e n  u s in g  th a t  space and  u s in g  the  le s s -c o n s t ra in e d  
space is la rge  e n o u g h .  One comment on the  HAR PY (N ew e l e t a t. 
1971) system was th a t  i ts  l is t  g ra m m a r a p p ro a c h  to m ode l l ing  poss ib le  
w o rd -s e q u e n c e s  was p r o b a b ly  the b e s t  f o r  such  f in i te  g ra m m a rs  (Lea 
and S h o u p  1980).  So, a l th o u g h  th e  e x te n s iv e  use o f  in fo rm a t io n  
about p ro s o d y  is a c o n s t r a in t  in a u to m a t ic  speech re c o g n i t io n  w h ich  
has no t been t r i e d  b e fo r e ,  th e re  is no reason  fo r  e x p e c t in g  a 
le sse n in g  in th e  e f f ic ie n c y  and, p e r h a p s ,  e v e ry  reason fo r  e x p e c t in g  
an in c re a se  in  p e r fo rm a n c e  because  o f i t .
2. T h e  a d d i t io n a l  c o m p le x i t ie s  in c o n n e c te d  speech u t te ra n c e  
re c o g n i t io n  as opposed to iso la ted  w o rd  re c o g n i t io n  w ere  not due
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on ly  to c o a r t ic u la t io n  e f fe c ts  be tw een  n e ig h b o u r in g  segm ents . T h e re  
are also n o n -s e g m e n ta l  fe a tu re s  p re s e n t  in speech th a t  g r e a t ly  a ffec t 
the s u r fa c e  s t r u c t u r e  o f  speech on w h ich  a speech re c o g n is e r  
ope ra tes .  T h is  fac t has  been re co g n ise d  in the  a t te n t io n  p a id  to 
vowel re d u c t io n  as a consequence  o f  nu c le a r  s t r e s s  p lacem ent in  the 
S ound P a t t e r n  of E n g l i s h  model (C h o m s k y  and H a lle  1968 g e n e ra l ly  
and also c h a p te r  3 on n o n -se g m e n ta l  p h o n e t ic s  and  p h o n o lo g y ) .
T h is  w o rk  w il l ta ke  the  fo l lo w in g  c o u rs e .  T h e  re m a in d e r  o f  th is  
c h a p te r  and th e  next w i l l  c o n s is t  o f  an in t r o d u c t io n  to  the b a c k g ro u n d  
o f p r e s e n t - d a y  resea rch  on the v a r io u s  to p ics  o f p r o s o d ic  p h o n o lo g y ,  
p a t te r n  re c o g n i t io n  b y  machine and autom atic  speech r e c o g n i t io n :
1. T h e  f i r s t  area to be  in t ro d u c e d  w i l l  be the  p lace  o f  k n o w le d g e  
sources in autom atic  speech re c o g n i t io n .  T h e  need  fo r  an e x p l ic i t  
de l in e a t io n  o f  the m echan ism s, p rocesses  and c o n s t r a in t s  has been 
m entioned a l re a d y .  W i th in  the modell ing  o f  a speech  re c o g n i t io n  
p ro ce ss  th e  p a r t  p la y e d  b y  such k n o w le d g e  s o u rc e s  must be seen as 
a separate  ro le , d is t in g u is h e d  from  the o th e r  ta s k s  o c c u r r in g  w i th in  
a complex c o m p u te r  sys te m .
2. T h e n  the  p o s i t io n  o f p h o n o lo g y  and how it can b e  used in autom atic  
speech re c o g n i t io n  is d is c u s s e d .  I t  is im p o r ta n t  to  d is t in g u is h  
be tw een p h o n e t ic  r e p r e s e n ta t io n  and phonem ic  s y s te m .  I t  is 
t r a n s i t io n  from  r e g i s t e r i n g  a p h o n ic  even t in speech  to the 
re c o g n i t io n  o f e lem ents o f  a language  system th a t  l i f t s  co m p u te rs  
from  b e in g  m easur ing  too ls  to t h e i r  use as re c o g n i t io n  m achines.
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A im s  o f  t h i s  r e s e a r c h
T h is  c h a p te r  has o u t l in e d  se ve ra l  p ro b le m s  in  the  f ie ld  o f  speech 
sc ience. From  the  b e g in n in g s  o f a u tom atic  speech re c o g n i t io n  th e re  has 
been a need fo r  k n o w le d g e ,  im p lic i t  o r  e x p l i c i t ,  to  c o n s t r a in  the  
re c o g n i t io n  system and in c re a s e  p e r fo rm a n c e .  With the  s h i f t  o f  c r i t i c a l  
l im ita t io n  fro m  h a rd w a re  to s o f tw a re  in  re c e n t  y e a rs  em phasis  was 
p laced on th e  e x p l i c i t  use o f  k n o w le d g e  so u rce s  as d e s c r ip t io n s  of 
ob jec ts  to be  re c o g n is e d .  In  t u r n ,  it was seen th a t  fo r  speech 
re c o g n i t io n  l in g u is t ic  in fo rm a t io n  c o u ld  be  used  as such  a kn o w le d g e  
so u rce . A t  least s ince  B lo o m f ie ld  ( 1933) the  e x p l ic i t  goal o f  l i n g u is t ic s  
has been  to p ro d u c e  g ra m m a rs  o f la n g u a g e s .  A g ram m ar is an 
o b se rv? : t iona l ly  a c c u ra te ,  e x h a u s t iv e  and s imple d e s c r ip t io n  ( C o n d itio n s  
o f  A d e q u a c y , C h o m sky  1957, p97-60) o f the  p a t t e r n  u n d e r l y in g  the 
phenomena o f  speech . A s  s u c h ,  a g ra m m a r a p p e a rs  to  be an ideal 
c a n d id a te  f o r  b r i n g i n g  c o n s t r a in in g  k n o w le d g e  to a u tom atic  speech 
re c o g n i t io n  sys tem s.
H o w e v e r ,  a l th o u g h  g r a m m a r - c o n s t r u c t io n  is th e  avowed aim o f 
l i n g u is t ic s ,  th e re  is  ye t  to be  a com plete  g ra m m a r o f  a n a tu r a l  
la n g u a g e . O n ly  f ra g m e n ts  o f  g ra m m a rs  have  been  p ro d u c e d ,  u s u a l ly  
fo r  th e  sake o f d is c u s s in g  how it sh o u ld  be  done -  som eth ing  w h ic h  is 
also a p ro b le m  o f th e  h ig h e s t  o rd e r  in  i ts  own r i g h t .  A ls o ,  th e re  are 
areas o f  l i n g u is t ic  k n o w le d g e  th a t  a re  no t w e ll d e s c r ib e d :  the  realm of 
p ro s o d y  is one. T h e r e  is no c o n se n su s  o f th e o re t ic a l  a p p ro a c h ,  as w e ll 
as no e x h a u s t iv e  d e s c r ip t i o n  amenable to  fo rm a l is a t io n .  T h e  aim o f  th is  
re se a rch  is to in v e s t ig a te  ju s t  how to  use a l in g u is t i c  kn o w le d g e  source  
in speech re c o g n i t io n .  B y  c h o o s in g  an i l l - d e f in e d  area o f l i n g u is t ic  
kn o w le d g e  in  w h ich  to w o r k ,  p r o s o d y ,  we can set u p  a se c o n d a ry  aim. 
We w i l l  need to in v e s t ig a te  th a t  area in  o r d e r  to ach ieve  a d e s c r ip t io n
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w h ich  w il l  be u s e fu l  in s u b s e q u e n t  re c o g n i t io n .  So th e r e  are two main 
areas of w o rk  h e re ,  fo r m in g  a composite  approach :
1. C o n s t r u c t in g  a d e s c r ip t io n ,  a g ram m ar, o f B r i t i s h  E n g l is h  
p ro s o d y .  T h e  p ro g ra m m e  c o n c e rn in g  the  d e s c r ip t io n  o f  B r i t i s h  
E n g l is h  p ro s o d y  w i l l  b e  as fo l low s . C h a p te r  3 d e s c r ib e s  the 
th e o re t ic a l  ju s t i f i c a t io n  fo r  o u r  a ttem pt at d e s c r ip t i o n .  T h e  
l in g u is t ic  s ta tu s  o f  p r o s o d ic  e f fe c ts  is a rg u e d  fo r  a n d  the no t ion  
of s e p a ra t in g  l i n g u is t i c  from p a ra l in g u is t i c  fe a tu re s  are d e fe n d e d .  
In sec tion  3 .6  a g ra m m a r  of B r i t i s h  E n g l is h  in t o n a t io n  w il l  be 
p re s e n te d  u s in g  a fo rm a l is a t io n  th a t  can be used b y  a d ig i ta l  
c o m p u te r  sys te m . P re p ro c e s s in g  needs to be d is c u s s e d  as it is 
p e r t in e n t  to any a c o u s t ic  based a na lys is  o f p r o s o d y  -  th is  w i l l  be 
c o v e re d  in c h a p te r  5 .  F in a l ly ,  in  c h a p te r  6 the a n a ly s is  system  
w il l  be d e s c r ib e d  to g e th e r  w ith  i ts  p e r fo rm a n c e  on in to n a t io n  
ana lys is  u s in g  v a r io u s  models.
2. T o  use th a t  model o f  the  B r i t i s h  E n g l is h  in to n a t io n  system to 
c o n s t ra in  the  o p e ra t io n  o f a p u r p o s e - b u i l t  r e c o g n i t io n  sys tem .
T h e  s y n ta x - d i r e c t e d  a n a lys is  (S D A ) system was c o n s t r u c te d  as 
p a r t  o f t h i s  p r o je c t .  It  is a p ro s o d ic s -o n ly  speech re c o g n is e r  
th a t  is c o n s t ra in e d  b y  a separate  d e s c r ip t io n  o f in to n a t io n  
phenom ena. It  c o n s is t s  of se ve ra l  com ponents :
P re p ro c e s s o r .  T h e  re le v a n t  p ro s o d ic  fe a tu re s  have to  be e x t r a c te d  
from  speech b e fo re  a n a ly s is .  T h is  is d e s c r ib e d  u n d e r  the 
head ing  o f a c o u s t ic -p h o n e t ic  c o n s id e ra t io n s ,  sec t ion  5 .2 .
R u le  t r a n s la to r .  T h e  l in g u is t ic  d e s c r ip t io n  is p r e s e n te d  to the  
SDA system  as a set o f  ru les  th a t  are compiled in to  an
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in te rm e d ia te  r e p r e s e n ta t io n  b e fo r e  the  a n a ly s is  p r o p e r .  T h is  
p ro c e s s  is d e s c r ib e d  in sec t ion  4 .4 .
L in k e r .  T h e  in te rm e d ia te  re p r e s e n ta t io n  must be  co n s o l id a te d  in to  
a fo rm  usab le  b y  a p a r t i c u l a r  p ro g r a m  r u n .  S e c t io n  4 .5 .
Tem pla te  m a tc h e r. T h e  a c o u s t ic  p a t t e r n s  used as tem pla tes are 
m atched o n to  se c t io n s  o f the  in p u t  speech . T h e  a lg o r i th m  used is 
d e s c r ib e d  in sec tion  5 .4 ,  the  im p lem en ta t ion  in sec t ion  4 .3 .  
A n a ly s e r .  The  o p e ra t io n  o f  th e  a n a ly s e r  is d e s c r ib e d  in sec tion
6 .1 .  T h e  im p lem enta t ion  d e ta i ls  can be  g a th e r e d  from section
4 .1 ,  4 .2  and the  a p p e n d ice s  c o n ta in in g  p ro g ra m  sou rce  code .
B e fo re  the  p ro je c t  is d e s c r ib e d  in  d e ta i l ,  h o w e v e r ,  th e re  is a re v ie w  
o f  p a s t  w o rk  on the  s u b je c ts  o f in to n a t io n  th e o r ie s  and o f  l i n g u is t ic
c o n s t r a in t s  on A S R .
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2 .1  I n t r o d u c t i o n  t o  t h e  l i t e r a t u r e
T h i s  c h a p te r  is a re v ie w  o f p a s t  w o rk  on the  re s e a rc h  to p ic .  
A l t h o u g h  autom atic  speech re c o g n i t io n  has a s h o r t  h is t o r y  -  th e  main 
l in e s  o f  resea rch  w ere  opener) up  w i th  the  in c r e a s in g  a v a i la b i l i t y  o f  th e  
c o m p u te r  -  it has a w ea lth  o f l i t e r a t u r e  w h ic h  has k e p t  pace w i th  b o th  
th e  in c re a s e  in b o th  d e p th  and b r e a d t h  o f th e  s u b je c t .  No s u r v e y  of 
t h i s  s iz e  co u ld  p o s s ib ly  do  ju s t ic e  to  even a small area o f  w ha t speech 
s c ie n c e  has become: the in t e r d i s c ip l in a r y  n a tu r e  o f  re se a rch  
encom passes  ideas, te c h n iq u e s  and de v ice s  f ro m  d is c ip l in e s  as d iv e r s e  
as s ig n a l  p ro c e s s in g ,  c o m p u te r  sc ience , p s y c h o p h y s ic s ,  n e u ro lo g y  and 
th e  l i n g u is t i c  sc iences. A p p ro a c h e s  are as n u m e ro u s  as the re s e a r c h e r s  
in  th e  f ie ld .  T h e r e  is l i t t l e  to be g a in e d ,  th e n ,  b y  a t te m p t in g  to 
s u r v e y  the  whole a such an i l l - d e f in e d  f ie ld ,  and l i t t le  to  be  los t  from  
f o c u s in g  a t te n t io n  on the  th re e  c o n s t i tu e n t  a reas  o f  th e  p re s e n t  to p ic :
1. C u r r e n t  au tom atic  speech re c o g n i t io n  w o r k .  In  sec tion  2 .2  an
o u t l in e  is p re s e n te d  on the f ie ld  o f  a u tom atic  speech re c o g n i t io n  in 
o r d e r  to g iv e  some idea o f  w ha t an y  k n o w le d g e  so u rce  is to  be  used 
in .  A g a in  no m ent ion  is made o f  what fo r c e s  shape the  s ta te  o f  the  
a r t ,  and em phas is  has been ta k e n  away f ro m  the  in t e r d i s c ip l in a r y  
n a t u r e  o f au tom atic  speech re c o g n i t io n .  Some o f  th e  most in s t r u c t i v e  
p r o je c t s  are the  AR P A  SUR p ro je c ts  of th e  e a r ly  1970's, d is c u s s e d  
b e lo w .  T h is  is no t to  d e n y  th a t  th e re  is  no  o th e r  w ork  o f n o te ,  
r a t h e r  th a t  these  p ro je c ts  were th e  f i r s t  m ajor a t te m p ts  at th e  
e x p l i c i t  and s y s te m a t ic  use o f  k n o w le d g e  so u rce s  in  c o n s t r a in in g  a 
re c o g n i t io n  p ro c e s s  f o r  speech: th e  h i s t o r y  o f  th e  p ro je c ts  i l l u s t r a t e  
t h a t  a ttem pt and w ou ld  be o f  in te re s t  ju s t  f o r  th a t  a lone.
V a r io u s  o th e r  a p p ro a c h e s  in  vog u e  at the  moment in c lu d e  a
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ra n g e  o f sys tem s: from the  LOGOS system -  a deve lopm ent of 
d yn a m ic  p ro g ra m m in g  te c h n iq u e s  ap p lie d  (c o n c e p tu a l ly )  to  a 
success ion  o f  iso la ted w o rd  te m p la te s  ( B r id le  1973 fo r  the  a lg o r i th m ;
J Peckham  e t a l.  1982 fo r  the  im p lem enta t ion )  -  to the m any  E n g l is h  
p a r s in g  schemes im plem ented on c o m p u te r '  system s (a good  s u rv e y  o f  
te x t  l i n g u is t ic s  is de B e a u g ra n d e  and D re s s ie r  1981; the  c lass ica l 
s ta tem ent o f  A u g m e n te d  T r a n s i t io n  N e tw o rk  deve lopm ent is  Woods 
1970; see also W inograd 1983) -  w h ic h  would be app licab le  to 
au tom atic  speech re c o g n i t io n .  T h e  ARPA p ro je c ts  are d o u b ly  
in s t r u c t i v e  because th e y  p r o v id e  an example o f the 'm ix in g  o f leve ls '  
p ro b le m  from  l in g u is t ic s ,  as it a p p l ie s  to au tom atic  speech 
re c o g n i t io n .  What was a m e thodo log ica l c r i s is  fo r  l i n g u is t ic s  in the  
mid 201*"1 C e n tu r y  has become an issue  ju s t  b e in g  fe l t  in A r t i f i c i a l  
In te l l ig e n c e  w o r k .  T h e  d i r e c t  re le v a n c e  to th is  th e s is  l ies  in the 
fac t th a t  th e re  is a s im ila r  p r e s s u r e  to -d a y  to account f o r  p ro s o d y  in 
te rm s o f  p ra g m a t ic s  (a n d  p o s s ib ly  even n o n -v e r b a l  b e h a v io u r )  and 
not as a (c o l le c t io n  o f)  s y n ta c t ic  mechanisms.
2. T h e o re t ic a l  advances  in the  l i n g u is t i c  sc iences. In  sec t ion  2 .3  a 
s im i la r  o u t l in e  o f c u r r e n t  v iew s  on  the in to n a t io n  system is  g iv e n ,  
w ith  no a t tem p t at e i th e r  a d ia c h r o n ic  s tu d y  o f how s u p ra s e g m e n ta !  
fe a tu re s  have  been used in sp e e ch ,  o r  a s tu d y  o f  how d i f f e r i n g  
th e o re t ic a l  p o s i t io n s  w i th in  l in g u is t i c s  i t s e l f  have in f lu e n c e d  the 
f i r s t - o r d e r  w ork  of d e s c r ib in g  th e  in to n a t io n  system .
3. T h e  use o f  p ro s o d y  in  d r i v in g  au to m a tic  speech re c o g n i t io n  system s 
is d is c u s s e d  in  section  2 .9 .  T h e  to p ic  o f u s in g  p ro s o d ic  in fo rm a t io n  
w i th in  a au tom atic  speech r e c o g n i t io n  system is not v e r y  w e l l  se rv e d  
in  the  l i t e r a t u r e .  E x p l ic i t  m en t ion  o f  know le d g e  sources  a re
r
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c o m p a ra t iv e ly  re c e n t  in n o v a t io n  in au tom atic  speech re c o g n i t io n  w o rk ,  
and the  n o t io n  of p r o s o d ic  k n o w le d g e  in au tom atic  speech re c o g n i t io n  
even s c a rc e r  ( w i t h  one o r  two no ta b le  e x c e p t io n s ) .  T h e r e  has been 
c o n s id e ra b le  amount o f e f f o r t  p u t  in to  the  r a t h e r  ta n g e n t ia l  p rob lem  
o f the  c o m p u te r  m a n ip u la t io n  o f  g ra m m a r,  e sp e c ia l ly  t r a n s fo rm a t io n a l  
g e n e ra t iv e  s y s te m s .  T h is  in c lu d e s  M arcus  (1 9 8 1 ) ,  F r ie d m a n  ( 1976) -  
W inograd  (1983) g iv e s  a good s u r v e y .
7 ,2  T h e  c u r r e n t  s t a t e  o f  a u t o m a t i c  s p e e c h  r e c o g n i t i o n
T h e  f ie ld  o f  c o n t in u o u s  au tom atic  speech re c o g n i t io n  is  s t i l l  
dom ina ted  b y  th e  speech u n d e r s t a n d in g  re s e a rc h  e f f o r t s  fu n d e d  b y  the 
A d v a n c e d  P ro je c ts  A g e n c y  o f  the  USA D e p a r tm e n t  o f  D e fe n ce  (A R PA 
SUR) o f  the  la te  1970s. T h e se  w ere  a g r o u p  o f re la te d  p r o je c ts  
u n d e r ta k e n  b y  s e v e ra l  u n iv e r s i t ie s  fo r  a p e r io d  o f  about a b o u t  f iv e  
y e a rs .  T h e  p h i lo s o p h y  b e h in d  th e  p ro je c ts  was to g iv e  a s p u r  to w ork  
in  the  s p e e c h - re la te d  p ro b le m s  o f  m an-m ach ine  c o m m u n ic a t io n ,  a p p ly in g  
a la rg e  amount o f  e x p e r t is e ,  m anpow er and fu n d s  to what was p e rc e iv e d  
to  be an e n g in e e r in g  p ro b le m .  T h e  p ro je c t  r e p o r t  is g iv e n  b y  Newel e t 
a l.  (1973) and th e re  ha ve  been  s e v e ra l  e x c e l le n t  and e x te n s iv e  rev ie w s  
s ince  then  (see  K la t t  1977; Lea and  S houp  1980). T h is  e f f o r t  was the 
la rg e s t  e v e r  in  au tom atic  speech re c o g n i t io n  and p r o v id e d  a s ig n i f ic a n t  
c o n t r ib u t io n  a nd  in t r o d u c e d  many new a p p ro a ch e s  to the r e p e r t o r y  of 
e x p e r t is e  ( n e w ,  at le a s t ,  to  n o n - l i n g u i s t s ) .  T h e se  p r o je c ts  focused  
a t te n t io n  on th e  p ro b le m s  o f  in te g r a t in g  k n o w le d g e  sou rces  in  p a t t e r n  
re c o g n i t io n  s ys te m s . A s  th i s  th e s is  is p re s e n te d  as a s o lu t io n  to one 
such  p ro b le m  it is i n s t r u c t i v e  to look at the  ra n g e  and ty p e  o f 
kn o w ledge  so u rc e  u s e d .  A sum m ary o f  the  k n o w le d g e  s o u rc e s  used in
C h a p te r  2 2 0
each o f  th e  main system s is g iv e n  in tab les  2 .1  to 2 .0 .
P e rh a p s  the  most t r e n c h a n t  c r i t i c is m  is g iv e n  b y  K ia t t  ( 1977) on 
th e  o v e ra l l  de s ig n  o f the  p r o je c t .  T h e  p ro je c t  goals cou ld  be met in 
more th a n  one w ay: a 's o lu t io n '  may lie o u ts id e  the  s p i r i t  o f  the o r ig in a l  
s p e c i f ic a t io n .  In such la rg e  and complex s ys te m s  th e re  w i l l  be a 
c o n s ta n t  in t e r p la y  o f  e f f ic ie n c y  t r a d e - o f f s ;  b u t  to spec ify  
'u n d e r s t a n d in g ' ,  w h ich  is v e r i f i e d  b y  a c t io n , in s te a d  of ' re c o g n i t io n ' ,  
w h ic h  is v e r i f i e d  b y  the  a c c u ra c y  o f  t r a n s c r ip t i o n ,  was to con fuse  the 
ro le s  o f p ra g m a t ic s  and s y n ta x  and so to lessen the ach ievem ent. T h a t  
p o in t  w i l l  be  d is cu sse d  b e lo w , b u t  th e re  also w e re  many more mundane 
fe a tu re s  th a t  w ere  t re a te d  as b e in g  'o p t io n a l '  to  a system , to  be le f t  out 
on the  g r o u n d s  o f p e r fo rm a n c e .  F o r  exam ple , it is s t i l l  un c le a r  as to 
how an in c re a se  in the  g ram m atica l b ra n c h in g  fa c to r ,  and the  t r a d e - o f f  
be tw e e n  th a t  fa c to r  and le x ico n  size a ffe c t  th e  ove ra l l  re c o g n i t io n  score 
(a s s u m in g  th a t  we can  i n t e r p r e t  an action  as c o r r e c t  r e c o g n i t io n ) .  T h is  
is  a v e r y  im p o r ta n t  p o in t  in  any  d is c u s s io n  o f  language re c o g n i t io n .  
T h e re  is th e  anecdote abou t the  c h e s s - p la y in g  co m p u te r  system th a t  
a n n o u n ce s  'mate in two' a f t e r  i t 's  opp o n e n t c o u g h s :  a good i l lu s t ra t io n  of 
th e  d a n g e rs  in h e r e n t  on s h o r t - c i r c u i t i n g  s y n ta x  to depend  on 
p ra g m a t ic s  to  re co g n ise  w h a t is sa id .
A c r i t i c is m  th a t  can be  made o f the  o v e r a l l  s t ra te g y  is s im p ly  th a t  
th e  goa ls  w e re  fa r  too d i f f i c u l t ,  f o r c in g  the re s e a rc h e rs  to s im p l i fy  
a ro u n d  th e  p ro b le m ,  a v o id in g  the o r ig in a l  t a s k .  We can take  the 
H E A R SA Y  II system  and i t s  task o f  docum ent r e t r ie v a l  as an example 
h e re .  When we take  the  c la ss ica l speech re c o g n i t io n  p ro c e s s  as d e f in e d  
we see th a t  H EAR SA Y II  was v e r y  am b it ious  in d e e d :  a f te r  the 
re c o g n i t io n  com ponents  th e r e  is a h ie r a r c h y  o f  subsequen t com ponents , 
each one o f  s u b s ta n t ia l  c o m p le x i t y .  S uch  a s y s te m , i f  su cc e s s fu l ,  
w ou ld  be  most im p re s s iv e .  One o f  the  r e s u l t s  o f  th is  was a 'm ix in g  o f
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g r a m m a r  t y p e  c o n t e x t - f r e e ,  m in o r  sem antic  c o n s t r a in ts  on n u m b e r  
c a te g o ry ,  case r e s t r i c t i o n ,  e x p l i c i t  v e rb  r e q u i r e d .
p a r s e r  im p le m e n t a t io n  ru le  i n t e r p r e t e r ,  m u l t ip ro c e s s in g  o f
a l te rn a t iv e  p a rs e  p a t h s ,  d y n a m ic  c o n t r o l  o f  g ram m atica l p ro ce sse s
p h o n o lo g ic a l  c o m p o n e n t  g e n e ra t iv e  ru le s
p h o n o lo g ic a l  c o m p o n e n t  im p le m e n t a t i o n  au tom atic  re a d ju s tm e n t ,  one 
example ru le  is th a t  o f  vowel r e d u c t io n ,  p a r t ic u la r is e d  fo r  H I  
( s t r e s s :  1 )
|REDUCE2 IX=IH : 1, .
b r a n c h i n g  f a c t o r  105.
le x i c o n  s ize  1 000.
s c o re  (u n d e r s ta n d in g  ta s k )  24%.
T a b le  2.1 G ra m m a r U se d  in  C o n s tra in in g  ASK ( i )
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g r a m m a r  t y p e  p ra g m a t ic ,  augm ented  t ra n s i t io n  n e tw o rk  gram m ar 
( A T N )  (Woods 1 9 7 0 ) .  C om bines s y n ta c t ic ,  se m an t ic ,  p ra g m a t ic ,  
p ro s o d ic  in fo rm a t io n .  S ta t ic  em bedd ing  of d a ta  w i th in  the 
le x ic o n .  (N o te  in  t e x t . )
p a r s e r  im p le m e n t a t i o n  th re e  p ro ce sse s  in v o lv e d
a. ju d g e s  g r a m m a t ic a l i t y , e q u iv a le n t  to the  t r a n s i t io n  be tw een 
n e tw o rk  nodes  in p a r s in g .
b .  p r e d ic t io n  o f  p o s s ib le  e x te n s io n s  to h y p o th e s is e d  c o n s t r u c t io n ,  
e q u iv a le n t  to l i s t in g  set o f  poss ib le  t r a n s i t io n s .
c .  b u i l d s  up  fo rm a l re p r e s e n ta t io n  o f  u t te ra n c e ,  e q u iva le n t  to 
t r a n s c r ib in g  'c o n te n ts '  o f  each node in  n e tw o rk  v is i te d  in 
t r a n s i t io n .
p h o n o lo g i c a l  c o m p o n e n t  D ic t i o n a r y  E xp a n s io n  com ponen t co m p r is in g  
d ic t io n a r y  o f  b a s e fo rm  p r o n u n c ia t io n  and s e v e ra l  sets of 
p h o n o lo g ic a l  r u le s .  T h e  1976 system gave
base fo rm  (1138 exam ples)
r e g u la r  in f le c t io n s  ( g i v in g  1 363 e n tr ie s )
g iv i n g  1 097 e n t r ie s  ( a f t e r  re d u n d a n c y  p r u n i n g )
m u l t ip le  b a s e fo rm  d e f in i t io n s  ( in c re a s in g  n u m b e r  to 1789)
w i t h i n - w o r d  r u le s  ( g i v in g  3371 )
ac ross  w o rd  r u le s  ( r e s u l t i n g  in 8692 e n t r ie s )
p h o n o lo g ic a l  c o m p o n e n t  im p le m e n t a t i o n  re c o m p i la t io n  of n e tw o rk  
p r i o r  to  r u n t im e .
b r a n c h i n g  f a c t o r  195.
s c o re  ( u n d e r s t a n d in g  ta s k )  99%.
T a b le  2 .2  G ram m ars U sed  in  C o n s tra in in g  ASK (2 )
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g ra m m a r  t y p e  r e w r i te  r u le s  com piled  in to  s ta t ic  d i r e c te d  g ra p h  
re p re s e n ta t io n  as one  o f  many k n o w le d g e  s o u rc e s .  T w o  
te c h n iq u e s  were u s e d :  s u b s t i tu t io n  ( fo l lo w in g  r e w r i te  ru le s )  and 
p o in t e r  rep lacem ent ( c a t e g o r y ,  case r e s t r i c t io n ,  e x p l ic i t  v e rb  
r e q u i r e d ) .
p a r s e r  im p le m e n t a t io n  c o n s t r u c t io n  o f  op tim a l sequence o f  phones  
( n e tw o r k  nodes) c o n s t i t u t i n g  legal p a th s  w i th  h ig h  a cous t ic  match 
p ro b a b i l i t i e s .  'Beam sea rch ' o f b e s t  p a th  w i th  n e a r-m is s  
a l te rn a t iv e .
p h o n o lo g ic a l  c o m p o n e n t  a m u l t i - s o u rc e  h a n d l in g ,  in k e e p in g  w ith  
the  k n o w le d g e  s o u rc e  p h i lo s o p h y .  A p ro n u c ia t io n  d ic t io n a r y  fo r  
the  g ram m ar te rm in a l  sym bols  is com b ined  w i th  ju n c t u r e  ru le s  and  
'p h ra s e  tem p la tes '.  T h e  ju n c t u r e  ru le s  w ere  h a n d le d  in  the  fo rm  
o f g r a p h  r e w r i te  r u l e s ,  w h ich  is ju s t  as w e l l ,  s ince  th e y  w ould  
have to o pe ra te  on t h e  H a rp y  d i r e c te d  g r a p h  a n y w a y .
p h o n o lo g ic a l  c o m p o n e n t  im p le m e n t a t io n  o p e ra te s  in  co m p i la t ion  o f 
n e tw o rk ,  p r i o r  to r u n t im e .
b r a n c h i n g  f a c t o r  33.
le x i c o n  s iz e  1 011.
s c o re  ( u n d e r s ta n d in g  t a s k )  95%.
T a b le  2 .3  G ram m ars  U sed  in  C o n s tra in in g  ASK ( 3 )
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g r a m m a r  t y p e  c o n s t r a in t s  on w o r d - p a i r s  th a t  are t im e -a d ja c e n t .  
In fo rm a t io n  is easily  h a n d le d  h e re  b y  m ak ing  use  of re d u n d a n t  
n o n - te rm in a l  sym bols  in  the g ra m m a r.
p a r s e r  im p le m e n t a t io n  sepa ra te  k n o w le d g e  s o u rc e s  in te ra c t in g  on a 
g lo b a l  b la c k b o a r d ,  each k n o w le d g e  so u rce  m odule  be ing  
d a ta - d r iv e n .
p h o n o lo g ic a l  c o m p o n e n t  c o n t r o l le d  b y  k n o w le d g e  source  w h ich  
g e n e ra te s  h y p o th e s e s  f o r  sy l la b le  c lasses , b y  p a r s in g  out from 
s y l la b le  n u c le i .  T h is  p a r s in g  is c o n t r o l le d  b y  a p ro b a b i l i s t i c  
g ram m ar o f  ru le s  and p r o b a b i l i t y
p h o n o lo g ic a l  c o m p o n e n t  im p le m e n t a t io n  g e n e ra t io n  of severa l 
a l te rn a t iv e  h y p o th e s e s ,  used b y  k n o w le d g e  s o u rc e s  to genera te  
w o rd  h y p o th e s e s .  E v a lu a t io n  o f these  is p e r fo rm e d  b y  a 
m in ia tu re  H a r p y - l i k e  n e tw o rk  r e p r e s e n ta t io n  o f  each lex ica l e n t r y
b r a n c h i n g  f a c t o r  33, 46 .
le x i c o n  s iz e  1 011.
s c o r e  ( u n d e r s ta n d in g  ta s k )  91%, 74%.
T a b le  2 .4  G ram m ars U se d  In C o n s tra in in g  ASK  -  ARRA SUR (Q )
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leve ls ' in th e  sys tem : the w a y  the  p ro je c ts  were se t u p ,  and the 
c u r r e n t l y  ava ilab le  k n o w le d g e  at the  time b o th  c o n s p i r e d  a ga ins t  a 
p r o p e r  t re a tm e n t  o f l i n g u is t i c  c o n s t r a in ts  in the speech re c o g n i t io n  
p ro c e s s .  F o r  the  p u rp o s e s  o f  co m p a r iso n , the c o n t in u o u s  speech 
re c o g n i t io n  p rob lem  can be u s e fu l l y  c o n s id e re d  as th e  a ttem pt to map 
th e  speech stream on to  a se q u e n c e  o f d is c re te  le x ic a l  u n i ts  (a n d  
s t r u c t u r e  s ig n a l l in g  d e v ic e s ,  such as p r o s o d y ,  o f  c o u rs e )
(2 .1 )  The c la ss ica l speech re c o g n it io n  fo rm u la tio n
p re s s u re  w a v e ----- > s t r in g  o f lex ica l items
p h o n e m e ----- > lex ica l item
lex ica l i t e m s -----> sentence
P ra g m a t ic s  are im p o r ta n t  to any  s tu d y  o f a d is c o u rs e ,  b u t  we can 
and must separate  it out f r o m  sem antics  and s y n t a x .  T h a t  was 
sug g e s te d  b y  C hom sky in h i s  A sp e c ts  th e o r y  (1965) w h ich  d e f in e d  out a 
complex symbol (a f i r s t  a p p ro x im a t io n  to a te rm in a l  symbol in sentence 
g e n e ra t io n )  as a m a tr ix  o f  se m a n t ic  fe a tu re s ,  s e n s i t iv e  to the  frame in 
w h ich  it appears ;  s e n s i t iv e ,  th a t  is, to s y n ta c t ic  fe a tu re s ,
(2 .2 )  A s e le c tio n a l ru le  (c o m p le x  sym b o l s u b c a te g o r is a t io n )
[+ A b s t r a c t ]  A u x -
[ + V 1 -----> C S /(  { - A b s t r a c t ]  A u x -  )
-D e t  [+ A n im a te ]
-D e t  [ - A n im a t e ]
H ere  we see in op e ra t io n  a mechanism f o r  s p e c i f y in g  the 
se m a n t ica l ly -b a se d  se lec t ion  o f  a s y n ta c t ic  c a te g o r y  v e rb  on semantic  
fe a tu re s ,  l + a n im a te ] .  T h e  d i f f e r e n c e  be tw e e n  t h i s  method of 
c o n s t r a in in g  the g e n e ra t io n  o f  sentences  ( o r ,  p a r s in g  those sen tences, 
to  go the  o th e r  way -  p e r h a p s )  and u s in g  p ra g m a t ic s  is in  g e n e r a l i t y .
(2 .2 )  does not s p e c i fy  a v e r b ,  to be use d  a lo n g s id e  a n o u n , b u t  r a t h e r
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e x te n d s  o v e r  th e  p o s s ib ly  in f in i te  set o f sen tences  at t h a t  stage of 
g e n e ra t io n .  P ra g m a t ic s  ap p lie s  ru le s  to ob jec ts  ( o c c u r r in g  w i th in  a 
u n iv e r s e  o f  d is c o u r s e ) ,  and the  c o r r e s p o n d in g  r u le - g o v e r n e d  b e h a v io u r  
is  not d e s c r ib e d  in te rm s o f  s e n te n t ia l  s t r u c t u r e ,  b u t  as the c o n te n t  of 
p ro p o s i t io n a l  fo r m .  A ty p ic a l  q u e s t io n  he re  is i f  th a t  chessman may 
move to th a t  s q u a re ,  b r i n g i n g  in to  th e  re c o g n i t io n  p ro c e s s  kn o w le d g e  
about a r a t h e r  p a r t i c u l a r  s ta te  o f a f f a i r s  in the  w o r ld .  T h is  is a s h i f t  
f rom  s p e c i f y in g  the  fo rm  o f  language  to d e c id in g  on w h a t  c o n te n t  we 
may ' f i l l  o u t '  a sen tence  w i th  -  he re  c o n s t r a in in g  d e ic t ic  fu n c t io n .
E i t h e r  s y n ta x  o r  p ra g m a t ic s  can  c o n s t r a in ,  o r  h e lp  choose from 
co m p e t in g  h y p o th e s e s  at the  se n tence  leve l .  T h e  c h o ic e  h e re ,  if 
p e r fo rm a n c e  is at a p r i o r i t y ,  d e p e n d s  s t r o n g ly  on th e  cho ice  o f  the 
u n iv e r s e  o f  d is c o u rs e ;  it w ou ld  be p e r f e c t l y  v a l id  fo r  a s u i ta b ly  simple 
u n iv e r s e ,  we c o u ld  make use o f  a p a r t i c u l a r  c o n s t r a in t  in  th e re  b e in g ,  
f o r  exam ple, no ra n g e  o f  n o u n  u n d e r  the  c a te g o ry  o f  l+ a n im a te ]  a p a r t  
f rom  one ( t h e  u s e r  of the  r e t r ie v a l  sys te m ) -  ta k in g  docum ent re t r ie v a l  
sys tem s as an exam ple .  So the  se le c t io n  ru le  (2 .2 )  w o u ld  become 
o b l ig a to r y  in  a p p l ic a t io n ,  and in  th a t  case w ou ld  u s e f u l l y  be co llapsed 
in to  the  p ra g m a t ic  ru le s .  S im i la r ly  f o r  many ru le s  th a t  w ould  o the rw ise  
be  c o n s id e re d  to be in s ig h ts  in to  l i n g u is t i c  co m pe tence , s ig n i f ic a n t  
g e n e ra l is a t io n s  are  in e f f i c ie n t  i f  no g e n e ra l is a t io n  is r e q u i r e d .  I f  we 
look at th e  e f fe c t  on the  p ra g m a t ic  c o m p o n e n t ,  fo r  th e  same example, 
th e r e  w ou ld  be  a t ra n s fo rm a t io n
(2 .3 )
fro m
A S K S (  < u s e r> , < s u h je c t> , < a u th o r> , < fro m > , <to>  )
to
AA
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U SERASKS( < s u b je c t> . < a u th o r> , < f ro m > , < to>  )
f o r  a d isco u rse  u n iv e r s e  w here  th e  c lass o f [ + an im ate ] n o u n s  has on ly  
one  member: < u s e r> .  T h is  p r e s e n t s  us w ith  no s ig n i f ic a n t  
g e n e ra l is a t io n  about language , th e  w o r ld ,  the  sem antic  o f q u e s t io n s ,  or 
e v e n  about the  n a tu re  o f d o c u m e n t  r e t r ie v a l .  A ch ange  l ike  th is .
m o t iv a te d  sole ly b y  e f f ic ie n c y  c o n s id e r a t io n s ,  c a n n o t  be  expecte*-« to 
y ie l d  a n y th in g  in te re s t in g  about these  th in g s .  F rom  a d i f f e r e n t  p o in t  
o f  v ie w ,  a r t i f i c ia l  in te l l ig e n c e  a n d  c o m p u ta t io n a l  sem antics , th e r e  is no 
m o t iv a t io n  to d is c o v e r  the  s t r u c t u r e  o f la n g u a g e ,  we f in d  no v a l id  
re a s o n  fo r  k e e p in g  p ra g m a t ic s  o u t  o f s y n ta x .  T h e  a t t i t u d e  is  v e r y  
m u c h  tha t a system  on ly  is j u d g e d  on its  a c t io n s  ( l i k e  the A R P A  
p r o j e c t s ) ,  le a v in g  a c o n fu s io n  o v e r  the r i g h t f u l  p lace  o f th e  v a r io u s  
r u l e s  and leve ls  o f ru le s .  I t  is  n o t  th a t  the  re s u l ta n t  sys tem s canno t 
be  made to  w o rk ,  b u t  r a t h e r  t h a t  few g e n e ra l is a t io n s  r e s u l t .  F o r  
e xa m p le ,  Wilks ( 1976 p 117) d is c u s s e s  w h e th e r  o r  no t re s e a rc h  in 
a r t i f i c i a l  in te l l ig e n c e  and the  r e s u l t a n t  system s th a t  appear to  be about 
la n g u a g e  is re a l ly  about la n g u a g e :
an in c re a s in g  num b e r o f s y s te m s  in A I  b e in g  d e s ig n e d  not 
e s s e n t ia l ly  to  do re se a rch  on n a t u r a l  lang u a g e  " f r o n t  e n d "  to a 
sys tem  th a t  is e s s e n t ia l ly  in t e n d e d  to p r e d ic t  chem ica l s p e c t r a ,  o r  
p la y  snakes and la d d e rs ,  o r  w h a tn o t  . . .  I t  is c le a r ly  th e  case 
t h a t  any p iece  o f k n o w le d g e  w h a te v e r  c o u ld  be  essen t ia l  to  the  
u n d e r s t a n d in g  o f some s t o r y .  T h e  q u e s t io n  is ,  does it fo l lo w  th a t  
th e  s p e c i f ic a t io n ,  o rg a n is a t io n  a n d  fo r m u la r is a t io n  o f  tha t 
k n o w le d g e  is the  s tu d y  of la n g u a g e ,  because if  it is then  all 
hum an e n q u i r y  from  p h y s ic s  a n d  h is t o r y  to m ed ic ine  is a 
l i n g u is t i c  e n te r p r is e .
T h is  was the p ro b le m  w i th  th e  'u n d e r s ta n d in g '  goal o f  th e  ARPA 
p r o je c t s ,  a p ro b le m  th a t  faces a l l  co m p u ta t io n a l  sys tem s at some s tage. 
O n a r e s t r ic t e d  data  set ( u n i v e r s e  o f d is c o u r s e ) ,  we can c o n s t r u c t  an 
a p p r o p r ia te  model of th a t  d a ta  ( a  g ra m m a r) ;  b u t  one o f the  te s ts  of 
t h a t  model as s c ie n t i f ic  th e o ry  is  how it h a n d le s  d a ta  o th e r  th a t  the
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o r ig in a l  s e t .  T h a t  is the  d i f fe r e n c e  be tw e e n  e x p la n a to ry  p o w e r  as 
opposed to  o b s e rv a t io n a l  a c c u ra c y .  C le a r ly ,  the  g e n e ra l is a t io n  
e x p re s s e d  b y  (2 .3 )  is  not c o n d u c iv e  to  g r e a t e r  e x p la n a to ry  p o w e r  in 
a c c o u n t in g  fo r  la n g u a g e ,  a l th o u g h  it leads to  a s im p le r  set o f  ru le s  fo r  
th is  d a ta .  In  the  q u o ta t io n ,  Wilks was g r o p i n g  to w a rd s  a 
r e id e n t i f i c a t io n  o f one o f  th e  o ld e s t  e r r o r s  e v e r  made in th e  s tu d y  of 
la n g u a g e ,  tha t o f  c o n fu s in g  w ha t is sa id  w i th  what can be  sa id .
M e a n in g fu l  co m p a r iso n  b e tw een  the  v a r io u s  AR P A  p r o je c ts  is 
d i f f i c u l t  because o f  the  d i f f e r e n t  s tances ta k e n  on th e  ' t r a d e - o f f  
q u e s t io n  ra ised  ab o ve .  H o w e v e r ,  the e f f o r t  was d ire c te d  to w a rd s  a 
s y n t a c t i c a l l y - c o n t r o l le d ,  p a t t e r n - r e c o g n i t io n  a p p ro a c h  to th e  p rob lem  of 
speech re c o g n i t io n  and i ts  m e th o d o lo g y .  B y  i t s e l f  t h is  was an 
in t e r e s t in g  and welcome b re a k  from  the  p a ra d ig m  re c o g n i t io n  systems 
ava i la b le  u n t i l  th e n .  P re v io u s  re se a rch  w o rk  focused  on iso la ted  word 
sys te m s , e m p lo y in g  small c o m p u te rs ,  o r  h y b r i d  d ig i ta l /a n a lo g u e  
te c h n o lo g y ,  h o s t in g  c o n c e p tu a l  s o lu t io n s  th a t  d id  not make use o f the 
s p e c i f ic  p r o p e r t ie s  o f speech as speech ( r a t h e r  than  ju s t  an acoustic  
e v e n t ) .
A R P A  c le a r ly  id e n t i f ie d  the  need fo r  s p e c i f ic  l i n g u is t ic  
c o n s t r a in t s ,  and in  the c o u rs e  o f the  p ro je c t  c re a te d  a dem and fo r  a 
u s e fu l  d e s c r ip t io n  o f  E n g l is h  to  employ in th e  sys tem s, to g e t h e r  w ith  
th e  means o f h a n d l in g  th a t  in fo rm a t io n  b y  c o m p u te r .  It  was unw ise  to 
s u s ta in  fo u r  major p r o je c ts ,  CMU H a r p y ,  CMU H e a rsa y ,  B B N  Hwim and 
SD C , at the  same t im e. T h e  need fo r  the  same k n o w le d g e  was fe l t  b y  
a l l  p r o je c ts  s im u lta n e o u s ly ,  and w ere  so lved  in  v e r y  s im i la r  w a y s .  A 
b e t t e r  o rg a n is a t io n  o f  re s e a rc h  p ro g ra m s  w o u ld  have been to  rep lace  an 
in te n s iv e  d r iv e  to meet goa ls  (w h ic h  w ere  n o t  a lways the  b e s t  conce ived  
as we h a v e  seen) b y  an success ion  o f p r o je c t s .
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2 .3  R e v i e w :  T h e  l i n g u i s t i c  s c ie n c e s  o n  p r o s o d y
P o s t - S t r u c t u r a l i s m  T h e  t r a d i t io n a l  S t r u c t u r a l i s t  v ie w  o f th e  n a tu r e  o f  
l i n g u is t i c s  and the  aim in c o n s t r u c t in g  g ra m m a rs  was o v e r t u r n e d  b y  th e  
r is e  o f  a new A m e r ic a n  school o f l i n g u is t i c s ,  th e  t ra n s fo rm a t io n a l  
g e n e r a t iv e  school, he ra ld e d  b y  the p u b l i c a t io n  o f  C hom sky 's  S y n ta c t ic  
S tr u c tu r e s  (1957). T h e  s t r u c t u r a l i s t s '  p o s i t io n  was based on a c e n t r a l  
n o t io n  o f  language element id e n t i t y  b e in g  so le ly  d e p e n d e n t  on 
d e l im i ta t io n  b y  o th e r  e lem ents. T h is  lead to an e s s e n t ia l ly  s ta t ic  
r e p r e s e n ta t io n  o f th e  language sys tem , and  fo s te re d  a s t r o n g  e m p has is  
on d is c o v e r y  p ro c e d u re ,  on how to a r r i v e  at th e  d e s c r ip t io n  in th e  f i r s t  
p la ce .
T h e  parad igm  s h i f t  b r o u g h t  about b y  th e  t r a n s fo rm a t io n a l  
g e n e r a t iv e  g ram m arians  is w e l l -d o c u m e n te d  in almost e v e r y  i n t r o d u c t o r y  
te x t  to  l in g u is t ic s ,  and needs no d is c u s s io n  h e re .  T h e  main r e s u l ts  o f  
in t e r e s t  are:
1. T h e  sys tem atic  a c c o u n t in g  o f g ra m m a tica l  s t r u c t u r e s  from  g e n e ra l ,  
u n d e r l y in g  ru le s .  P re v io u s  g ra m m a rs  c la s s i f ie d  o b s e rv a b le  
d i f fe r e n c e s  in a p a r t i c u la r  c o rp u s  a nd  b u i l t  a taxonom ic  s t r u c t u r e  on 
th o s e  a n a lys is  p r im e s .  T h is  s h i f te d  th e  em phas is  away from  
d e s c r ib in g  a r e s t r ic t e d  c o rp u s  to  a c c o u n t in g  fo r  L a n g u a g e  (h o w e v e r  
a d e q u a te ly ) .
2. T h e  fo rm u la t io n  o f  g ram m ar u s in g  a te rm in o lo g y  and  sym bolism  m uch 
m o re  co n ve n ie n t fo r  c o m p u te r  m a n ip u la t io n .  M uch of th e  fo rc e  
b e h in d  the r ise  o f t ra n s fo rm a t io n a l  g e n e r a t iv e  l in g u is t ic s  d e r iv e d  
f ro m  the p ow er o f the g e n e r a t i v e / r e w r i t e  r u le  use d  in g ra m m a r.
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3. T h e  s h i f t  from d e s c r ib in g  a l im ited c o rp u s  to  (a t te m p t in g )  to acco u n t  
fo r  a l l  sen tences  in a lang u a g e  is n e ce ssa ry  fo r  the  m achine a n a ly s is  
o f  n a tu r a l  la n g u a g e .  P re v io u s  g ram m ars  on s t r u c t u r a l i s t  l ines c o u ld  
o n ly  g u a ra n te e  ade q u a cy  w i th in  the  d a ta  it was deve lo p e d  f ro m . T he  
t r a n s fo rm a t io n a l  g e n e ra t iv e  p rom ise  o f b e in g  able to c o m p u ta tio n a lly  
d e r iv e  a ll  p o s s ib le  se n te n ce s ,  h o w e ver  te d io u s  o r  co m p l ica ted  f o r  the 
h u m a n , was v e r y  a t t r a c t iv e  to co m p u te r  s c ie n t is ts .  G iven  the  p o w e r  
o f  th e  d ig i ta l  c o m p u te r  in  b e in g  able to g e n e ra te  l i s t - g ra m m a rs  f ro m  
ju s t  such  f in i t e  ru le s  th a t  c o n s t i tu te  a t r a n s fo rm a t io n a l  g e n e ra t iv e  
g ra m m a r ,  the idea arose th a t  an au tom atic  speech re c o g n i t io n  sys tem  
c o u ld  have the  o p e ra t io n a l  e q u iv a le n t  o f  an u n r e s t r i c t e d  lo o k -u p  fo r  
a l l  p o ss ib le  se n tences .
T h is  sw itch  from  taxonom y to g e n e ra t iv e  p o w e r  has the welcome 
e f f e c t ,  as fa r  as au tom atic  speech re c o g n i t io n  and k n o w le d g e  s o u rc e s  
a re  c o n c e rn e d ,  o f  p r o v i d in g  th e  c o n c e p tu a l  f ra m e w o rk  w h ic h  makes the 
r i g o r o u s  fo rm u la t io n  o f  g ra m m a r e a s ie r .  We now have a fo rm  o f 
d e s c r ip t io n  w h ich  is  amenable to au tom atic  a p p l ic a t io n  a nd  te s t in g .  
A u to m a t ic  te s t in g  can  be made eas ier b y  s e t t in g  up  g e n e ra t iv e  r u le s  
w i t h in  a co m p u te r  system  and g iv in g  f re e  r e in  to  the d e d u c t io n  o f  a l l  
p o s s ib le  sen tences  o f  the  lan g u a g e  w h ich  Is d e f in e d  b y  o u r  g ra m m a r .  
T h e  s y n th e s is  o f  su c h  a l i s t -g ra m m a r  p r o v id e s  an in te r n a l  c h e c k - l i s t  fo r  
k n o w n ,  v a l id  se n te n ce s .  T h i s  is the b a s is  o f  an y  l i n g u is t i c a l l y - c e n t r e d  
sys tem  o f  te x t  p a r s in g .  S t ra te g ie s  a re  e v o lv e d  in o r d e r  to re d u c e  the  
s e n te n c e -g e n e ra t io n  to a f r a c t io n  of th e  to ta l  language : we, o r  a 
c o m p u te r ,  can se a rc h  fo r  the  legal p a th s  t h r o u g h  a p h ra s e  s t r u c t u r e  
g r a p h  fo rm ed  from  the  g ra m m a r -  th is  is a s p e c i f ic  exam ple  o f p a r s i n g .  
A ls o ,  in s te a d  o f u s in g  k n o w n  sentences  to a id  in  w r i t i n g  g ra m m a rs ,  as 
used  b y  the  A m e r ic a n  S t r u c t u r a l i s t s ,  we t u r n  the  p ro b le m  ro u n d  a nd
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use a k n o w n  g ra m m a r to he lp  In a n a ly s in g  u n k n o w n  sen tences  -  th is  is 
th e  im pe tus  b e h in d  s y n t a x - d r iv e n  r e c o g n i t io n .  H o w e v e r ,  th e  main 
c o n t r ib u t io n  o f  th is  school may lie in th e  m ethods and too ls  o f 
d e s c r ip t io n  it b r i n g s  to l in g u is t ic  a n a ly s is ;  the p ro b le m  now is in 
d e r i v in g  the c o n te n t  of an in to n a t io n  th e o r y  to  d e s c r ib e  in  a g e n e ra t iv e  
g ra m m a r .
P a lm e r  T h e r e  has a lways been an in t e r e s t  in th e  p ro s o d y  o f  E n g l is h  { o r  
m e te r ,  rh y m e  o r  v e r s i f i c a t io n  as it was sometimes c a l le d ) .  T h e  
l i t e r a t u r e  fo r  E n g l is h  reaches  back to  th e  te x t  o f  John H a r t  ( 1569), 
t h o u g h  few w r i t e r s  on E n g l is h  have h a d  n o th in g  to say on the  s u b je c t .  
T h e  B r i t i s h  schoo l o f th o u g h t  on s u p ra s e g m e n ta l  p h o n o lo g y  was c o d i f ie d  
b y  P a lm er ( 1922) who ta c k le d  in to n a t io n  as a sys te m , in w h ic h  th e  u n i t s  
of th e  system  have  a fu n c t io n a l  id e n t i t y  w here  th is  id e n t i t y  can be 
d e te rm in e d  b y  a c o n s id e ra t io n  o f t h e i r  u s e .  A s  w i th  much w o rk  in 
l i n g u is t ic s ,  th e  fo rm u la t io n  and use o f  an e f fe c t iv e  re p re s e n ta t io n  
sys tem  was a co n com itan t o f advance  in  th e o r y .  (O n  the q u e s t io n  o f  
g r a p h ic a l  r e p r e s e n ta t io n ,  see S te w a r t  ( 1976) f o r  a d is c u s s io n  o f  the 
th e s is  th a t  ade q u a te  l in g u is t ic  models a re  a log ica l p re s u p p o s i t io n  o f 
ade q u a te  m odels  o f la n g u a g e , and, f u r t h e r ,  th a t  some g r a p h ic  
r e p r e s e n t a t io n s  p r o v id e  b e t t e r  models f o r  l i n g u is t ic  s c ie n c e . )  I n te r e s t  
h e re  is  r e s t r i c t e d  to  an in te re s t  in  g r a p h ic a l  n o ta t io n  in so fa r  as it can 
c o n v e y  a p h o n e t ic ia n 's  t r a n s c r ip t io n  o f  speech . T h e  common d e v ic e  o f  
r e p r e s e n t a t io n  on th is  school is the  l in e a r  re p re s e n ta t io n  -  Palm er 
moved from  in t e r l in e a r  to in t r a l in e a r  t r a n s c r ip t io n a l  d is t in g u is h in g  fo u r  
main n u c le a r  tone  shapes -  and th r e e  ty p e s  o f  head w h ic h  e f fe c t  a 
s e c o n d a ry  c la s s i f ic a t io n  on the  n u c le u s .  A r e t r o g r a d e  move was la te r  
ta k e n  b y  P a lm e r  to  rem ove th is  tw in  c a te g o r is a t io n  b y  re p la c in g  the  s ix  
r e s u l t a n t  c a te g o r ie s  b y  'p a t te r n s ' ,  f o r  p e d a g o g ic  reasons . T h e  names
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g iv e n  to these  are  d e s ig n e d  to re f le c t  th e  g r a p h ic  shape o f p i t c h  
movement in the  (now  co m b in e d )  head and n u c le u s .
A r m s t r o n g  a n d  W a rd  A n  a p p ro a c h  w h ic h  has had g re a t  in f lu e n c e  in  
th e  area o f  language  te a c h in g  was th a t  o f  A r m s t r o n g  and  Ward ( 1926).  
T h e  main p o in ts  here  w ere  tw o - f o ld :  the  d iv is io n  o f  th e  E n g l is h  
p h o n o lo g ic a l  c lause  in to  two ty p e s ,  the  tu n e s  I and II o f  B r i t i s h  t h e o r y ;  
and  the  s u b o rd in a t io n  o f s e n te n c e - s t re s s  to in to n a t io n .  (T h e se  tw o  
tu n e s  are to  c ro p  up again in  many u n e x p e c te d  p laces ; one in t e r e s t in g  
th e o r e t ic a l  p o s i t io n  is L ie b e rm a n 's  'm a rke d n e ss '  accoun t o f  in t o n a t io n . )  
H o w e v e r ,  th e  p h o n o lo g ica l  a p p ro a c h  th a t  was te n ta t i v e ly  a r r i v e d  at b y  
th e  c a te g o r is a t io n  o f Palm er g iv e s  way h e re  to a n a r r o w e r  t r a n s c r ip t i o n  
o f  the  su p ra s e g m e n ta l  e v e n ts  o c c u r r in g  in  speech at th e  expense  o f  
p h o n o lo g ic a l  a n a ly s is .  Of c o u rs e ,  th is  is  an a d v a n ta g e  fo r  p e d a g o g ic a l  
p u rp o s e s ,  w h e re  the u n d e r l y in g  system is im p o r ta n t  o n ly  in so f a r  as it 
g iv e s  r is e  to th e  'accepted ' w ay o f s p e a k in g .
K i n g d o n  T h e  w o rk  o f K in g d o n  ( 1958) and  o f O 'C o n n or  and A r n o ld  
(1961) c a r r ie d  on the  a p p ro a c h  o f id e n t i f y in g  the fu n c t io n a l  u n i t s  o f  the 
in to n a t io n  sys tem  as a tte m p te d  b y  P a lm e r ,  b u t  w ith  e x te n s iv e  a d d i t io n s .  
T h e  head u n i t  was d iv id e d  in t o  p re - h e a d  and b o d y ,  u n i t s  w h ich  c o u ld  
ta k e  on re a l is a t io n s  in the speech s tream  a c c o rd in g  to  p a t t e r n s ,  
p a t t e r n s  in d e p e n d e n t ly  c o n s id e re d  w i th in  the  p h o n o lo g ic a l  c la u se .  T h is  
gave  r is e  to th e  no t ion  o f c o n s id e r in g  th e  c lause as a sequence o f  
fu n c t io n a l  in to n a t io n a l  u n i t s ,  as opposed to a s im ple, m o n o l i th ic  p i t c h  
movem ent on a p ro m in e n t  s y l la b le ,  s u r r o u n d e d  b y  p h o n e t ic  e v e n ts  n o t  
e n te r in g  in to  a system  o f c o n t r a s ts .  T h e r e  is a s t r o n g  p a ra l le l  h e r e  
b e tw e e n  th e  e x h a u s t iv e  a n a ly s is  of speech in to  (s e g m e n ta l)  phonem es  
and  the  a n a ly s is  a ttem p ted  in  th is  p r o j e c t .  T h e  cho ice  o f  a n a ly s is  came
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down to b e tw e e n  the two tu n e s  o f A r m s t r o n g  and  Ward and the  co n ce p t  
o f  an u t te ra n c e 's  sup rasegm en ta l fe a tu re s  b e in g  a re a l is a t io n  o f  a 
sequence  o f u n d e r l y in g  e lem ents ; from a l i n g u is t i c  p o in t  o f  v ie w ,  th e  
second p o s s ib i l i t y  holds fa r  more p ro m is e .  B y  the 1960's, O 'C o n n or  and 
A r n o ld  had p r o v i d e d  a c o n s is te n t  and r e la t i v e ly  e x h a u s t iv e  d e s c r ip t io n  
o f  th e  in to n a t io n  system . L ik e  s im ila r  w o rk ,  t h i s  was d e s ig n e d  to be 
h e lp fu l  to s tu d e n t s  of the  E n g l is h  language  in  d e m o n s t ra t in g  the 
appe a ra n ce  o f  t h e  su r face  s t r u c t u r e  o f la n g u a g e .
C r y s t a l  ( 1969) p re s e n ts  a p o s i t io n  w h ich  is in  c o n t r a s t  to H a l l id a y 's  
d e s c r ip t io n  o f  B r i t i s h  E n g l is h  in to n a t io n  (1961 and d iscu sse d  in sec t ion  
3 .4 )  in  th a t  he adop ts  an almost p ra g m a t ic  a p p ro a c h  to w a rd s  d e s c r ib in g  
th e  B r i t i s h  E n g l i s h  in to n a t io n  sys tem . He d iscu sse s :
1. T h e  s u r v e y  o f l i t e r a tu r e  on the  f ie ld
2. T h e  a c o u s t ic  p a ra m e te rs  in v o lv e d  in in to n a t io n ,  tone , p i t c h - r a n g e ,  
lo u d n e ss ,  r h y t h m ic i t y  and tempo
3. T h e  s y s te m ic  n a tu re  o f  the  p ro s o d ic  sys te m s  them se lves
In to n a t io n  is p re s e n te d  as a complex o f  f e a t u r e s  from  a n e x u s  o f 
p ro s o d ic  s y s te m s .  T h e re  is an assum ption  a b o u t  the p r im a c y  o f a 
s in g le  c o n to u r ,  and  due c o n s id e ra t io n  is g iv e n  to the ra n g e  o f 
d is c re te n e s s  assoc ia ted  w ith  the  fe a tu re s  and  t h e i r  sys te m s . T h e  
th e o r y  p r e s e n te d  is in the  B r i t i s h  t r a d i t io n ,  as from  P a lm er to H a l l id a y ,  
an d  th e  acco u n t o f  s t r u c t u r e  w h ich  is g iv e n  is  fa m il ia r  e n o u g h  ( f i g u r e  
2 . 1) .
T h e  tone  u n i t  co n ta in s  one and o n ly  one  n u c le u s ,  w h ic h  is 
re a l ise d  b y  s e le c t in g  from a f in i t e  n u m b e r  o f  p i t c h  g l id e s .  T h e  
d i r e c t io n a l  t y p e  o f  these g l id e s  is the  tone  o f  an u t te r a n c e .  T h is  is  a
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p ro c e s s  o f  d iv is io n  in to  immediate co m p o n e n ts ,  and leads to a ty p o lo g y  
o f  tones ( e n u m e ra t in g  a c losed  set o f g l id e s  th a t  se lec t ion  can be  made 
f r o m ) ,  and the  a b i l i t y  to h a n d le  these to n e s  and o th e r  com ponents  as 
b e in g  in d e p e n d e n t  o f p lace  w i th in  a to n e - g r o u p .  T h e  d ire c t  
conseq u e n ce  is  th a t  p lace in a to n e - g r o u p  can now be  d e s c r ib e d  as 
s y n ta x  as it is n o t  in t im a te ly  b o u n d  to  th e  c o n te n t o f  any p la c e .  T h a t  
is ,  we a re  now f r e e  to use eve n  the c r u d e s t  o f  n o t io n s  o f  's y n ta x '  -  the  
to n e - g r o u p  can b e  looked u p o n  as a s t r i n g  o f e m p ty  's lo ts  , and the 
to n e s  as ' f i l l e r s '  f o r  the  s lo ts .  C r y s ta l  p re s e n ts  th e  tonal system  in 
d e ta i l  g i v i n g  th e  re a l is a t io n  e x te n ts  o f  th e  e lements o f  tone g r o u p .  
(T a b le  2 .1  g iv e s  an idea o f  th e  g e n e ra l  S ys te m ic  school a n a lys is  
d e r i v in g  from  H a l l id a y 's  w o rk  and m o d i f ie d  b y  C r y s t a l . )
I n t e r - t o n e  re la t io n s  a re  ana lysed  in  two w a ys . T he  f i r s t  a n a ly s is  
is  p a r t  o f  the  acco u n t g iv e n  abou t tone w h ich  was abou t a ty p o lo g y  o f 
c o m p o n e n ts  o c c u r r in g  in  a t o n e - g r o u p .  T h is  re s ts  on a fact o f the 
th e o r y  i t s e l f .  F o r  in th a t  th e o r y  we re c o g n is e  no h ig h e r  u n i t  than  the  
to n e - g r o u p ,  so th e r e  is no s t r u c t u r e  ( o f  h ig h e r  u n i t s )  th a t  we can say
e le m e n t e x p o u n d in g  s y l ia b le !s )  o b lig a to ry
p re h e a d  s ta r t  — > onset no
head  onset — > n u c le a r  no
n u c le a r  most p ro m in e n t  s y l la b le  yes
ta i l  p o s t - n u c le a r  — > end no
the  to n e - g r o u p  goes to make u p .  We ha ve  reached  the h ig h e s t  leve l of 
l i n g u is t i c  d e s c r ip t io n  a llowed -  all we can  do now is  d e sc r ib e  the
T a b le  2.1 U tte ra n c e  p a r t i t io n in g  ( C r y s t a l  1969)
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to n a lity  id e n t i f ic a t io n  o f  tone g ro u p s  in u t t e r a n c e
to n ic ity  d iv is io n  o f to n e  g ro u p  in to  to n ic  and p r e t o n ic
tone  id e n t i f ic a t io n  6 c la s s i f ic a t io n  o f n u c le a r  tone
. . .  u t te ra n c e  . . .
to n a lity
to n e - g r o u p ,  to n e - g r o u p ,  to n e - g r o u p ,  . . .
k e y ()■ id e n t i f ie d  w i th
A  c la s s i f ic a t io n
( ) o p t io n a l  e lem ent
F ig u r e  2 .1  C o n s t itu e n t ( in to n a t io n a l)  s t r u c tu r e  o f  u t te r a n c e :  S ys te m i
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o c c u r re n c e  o f  t o n e - g r o u p s  in  u t te ra n c e s .  H o w e v e r ,  the  u t te ra n c e  is a 
p r e - l i n g u i s t i c  n o t io n  and fa i ls  to e x h ib i t  an y  usa b le  s t r u c t u r e ;  we are 
fo r c e d  to em ploy a s ta t is t ic a l  re c o rd  o f o c c u r r e n c e  and o f o c c u r re n c e  of 
o ne  ty p e  o f  tone, g iv e n  a p r e v io u s  tone (d i to n e  t r a n s i t io n  f r e q u e n c y ) .  
D i to n e  t r a n s i t io n  was the  most complex re la t io n  to b e  s tu d ie d  as more 
com plex  t r a n s i t io n s  (s u c h  as the f r e q u e n c y  o f  o c c u r r e n c e  o f a tone, 
g iv e n  the  p r e v io u s  tw o tones  -  t r i t o n e  t r a n s i t io n )  w o u ld  in v o lv e  much 
m ore  w o r k .  T h e  c o m b in a to r ic s  of tone sequence  r u le s  demand th a t  
g r e a t ly  inc re a se d  sample s izes are used f o r  a p o s s ib ly  small, p e rh a p s  
in s i g n i f i c a n t ,  in c rease  in u s e fu l  in fo rm a t io n .
T h e  second a n a ly s is  o f  in t e r - t o n e  re la t io n s  is  a d e s c r ip t io n  of 
t o n i c i t y ,  c o n s t r u c t in g  a g ra m m a r of in to n a t io n  ou t o f  the co l loca t ion  
re la t io n s  and  the re la t io n s  th is  set o f  ru le s  has w i th  o th e r  p a r t s  o f the  
g ra m m a r.  I t  is one o f the  c o n te n t io n s  o f  th is  th e s is  th a t  a s ta t is t ic a l  
a n a ly s is  o f language  is lo g ic a l ly  d e p e n d e n t  on a p r i o r  g ram m atica l 
a n a ly s is .  T h e  q u e s t io n  o f  th e  id e n t i t y  o f  e lem ents  o f  la nguage , w h e th e r  
deep o r  s u r fa c e  s t r u c t u r e ,  must be  assumed b e fo r e  we engage in 
re c o r d in g  th e  f r e q u e n c y  o f t h e i r  o c c u r r e n c e .  T o  a l t e r  the  d e f in i t io n  o f 
w h a t we are  c o u n t in g ,  m idw ay  th r o u g h  s ta t is t ic a l  a c t i v i t y  w ou ld  be to 
n u l l i f y  any  re s u l ts  fo r th c o m in g .
I r o n ic a l ly ,  a w o rk  o f  t h i s  c o m p le x i ty  and th e o re t ic a l  la t i t u d e  is o f 
less va lue  to  in v e s t ig a t iv e  re s e a rc h  th a n  a s ta r k  h y p o th e s is  amenable to 
more d i r e c t  v e r i f i c a t io n .  U n d o u b te d ly  la n g u a g e  is no t a s imple ob jec t ;  
y e t  an a ccoun t l ik e  th is  is a w k w a rd  to use in a c t iv e  in v e s t ig a t io n  s im p ly  
because of i ts  h o n e s ty  in  p r e s e n t in g  d e l ic a c y  in  b o th  sub jec t and 
f ra m e w o rk :  C r y s ta l  d is c u s s e s  p ro s o d y ,  H a l l id a y  g iv e s  us an h y p o th e s is .  
T h e  H a l l id a y a n  p o s i t io n  is o u t l in e d  in  se c t io n  3 .4  and  3 .5 .
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2 .4  P r o s o d y  in  a u to m a t i c  s p e e c h  r e c o g n i t i o n
Due to a h e a v y  th e o re t ic a l  and  p ra c t ic a l  em phasis  on the  w o rd s  of 
language , fo s te re d  b y  s t u d y i n g  w r i t t e n  t e x t ,  p ro s o d y  ha s  been 
neg lec ted  in  l in g u is t ic  sc ience , and hence in re cen t a p p ro a c h e s  in 
au tom atic  speech re c o g n i t io n .  One of the  re s e a rc h e rs  in  t h i s  f ie ld .  Lea  
( 1980b), g iv e s  a l is t  o f  re c e n t  a t te n t io n  to p ro s o d ic  a n a ly s is  in 
q u a l i ta t iv e  o r  acous t ic  p h o n e t ic  w o rk :  Lea (n u m e ro u s  w o r k s  ove r  two 
decades, c i te d  in Lea 1980a); We can add: A s h b y  1978; C o h e n  and 
t 'H a r t  1967, 1973; t 'H a r t  1979; Cooper and S orenson  1981; C rom pton  
1980; C u r r i e  1980; Denes 1959; E d w a rd  1982; F on a g y  1978; l ies 1967; 
Jassem 1978; L add  1978; L e h is te  1970; M a t t in g ly  1966; O h m a n  1967;
P ie r r e h u m b e r t  1979, 1980, 1981; de P i jp e r  1979; P i lc h  1980;
O 'S haughessy  1979; V a is s ie re  ( 1974 on F re n c h ;  1977 on t h e  
f i n e - s t r u c t u r e  o f the  F re n c h  p h ra s e ;  1980 on la n g u a g e - in d e p e n d e n t  
p ro s o d ic  fe a tu re s ;  and 1981 c o n ta in in g  a d iscu ss io n  on t h e i r  use in 
au tom atic  speech r e c o g n i t i o n ) ;  Y oung and F a l ls id e  1979. H o w e ve r,  to 
d a te ,  th e re  has been l i t t le  in  th e  way o f im plem ented s y s te m s ,  w ith  th e  
main em phasis  on g a in in g  k n o w le d g e  to use .
V a is s i e r e  1980 fo l low s  e a r l ie r  w ork  on in to n a t io n  a n a ly s is .  It  p re s e n ts  
a au tom atic  re c o g n i t io n  p ro g r a m  th a t  takes  account o f  a 's u p ra s e g m e n ta l  
re p re s e n ta t io n '  o f  a se n te n c e .  R ead ing  'sen tence ' ( w h ic h  is a h ig h - le v e l  
g ram m atica l a b s t r a c t io n ,  at b e s t  a t r a n s c r ip t io n  in to  t r a d i t io n a l  
o r t h o g r a p h y  of the  spoken  u t te r a n c e )  to mean 'u t t e r a n c e ' ,  th is  comes 
to :
1. C o n s t r u c t in g  a p r o s o d ic  fe a tu re  v e c to r  of sy l la b le  d u r a t io n  and
c o r r e s p o n d in g  F0 va lu e
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2 .  S e lec t ion  o f  the  FO v a lu e s  fo r  th e  longes t s y l la b le s  in th e  
sentence
3 .  A d d i t io n  o f th is  in fo rm a t io n  abou t FO movement to the  segm enta l 
re p re s e n ta t io n
0 .  N a r ro w in g  dow n o f  c o m p e t in g  le x ic a l  h y p o th e s is
It is  a dm it ted  th a t  the  'use  o f  p ro s o d y  in the  K E A L  system is s t i l l  r a t h e r  
e x p e r im e n ta l1 ( pU52) and it appears  th a t  th e  on ly  a p p ro a ch  im p lem ented  
is  t h e  d e te c t io n  o f  ' im p o r ta n t '  w o rds  ( f u l l  w o rd s  at s y n ta c t ic  c a te g o r y  
b o u n d a r ie s )  b y  FO c o n t r a s ts .  T h is  is e s s e n t ia l ly  th e  Lea a lg o r i th m  
a p p l ie d  in the  same way as p ro p o s e d  in  Lea ( 1975), and d is c u s s e d  
b e lo w .  Lea  19 8 0 b , as an im p lem en ta t ion  o f  a w e a ke r  c o n s t r a in t .  It  is 
u n f a i r  to c r i t i c is e  V a is s ie re  on these p o in ts  as the  p a p e r  was in te n d e d  
to  c o m p a re  speech re c o g n i t io n  c o m p u te r  system s as models o f  human 
s p e e c h  p e rc e p t io n .  H o w e v e r ,  s u p ra s e g m e n ta l  in fo rm a t io n  is a v e r y  
im p o r t a n t  p a r t  o f  speech , and  p s y c h o lo g ic a l  e v id e n c e  p r o v id e s  much o f 
th e  m o t iv a t io n  f o r  i ts  in c lu s io n  in c o m p u te r  sys tem s w ith  'p e rc e p t io n '  as 
t h e i r  g o a l.  A ls o ,  th is  p a p e r  is an u p - t o - d a t e  acco u n t o f  th e  KEAL 
s y s te m  and i ts  h a n d l in g  o f  p r o s o d y ;  b u t ,  as w i l l  b e  seen a g a in ,  the 
m a jo r  de ta i le d  d e s c r ip t io n s  a re  of p ro p o s a ls ,  no t im p le m e n ta t io n s .
Le a  e t  a l .  1975 T h is  was d e s ig n e d  to  be  a r e p o r t  o f  w o rk  in  p r o g r e s s  
t a k i n g  p lace at S p e r r y  U n iv a c  and fu n d e d  b y  the  A R P A  c o n t r a c t s .  T h e  
a d m is s io n  to w a rd s  the  e n d :  'most o f  th e  sys tem s ha ve  not y e t  been 
im p le m e n te d ,  and those p o r t io n s  th a t  ha ve  been im p lem ented  are  open to 
v a r i o u s  re f in e m e n ts '  o n ly  u n d e r l in e s  th e  s h o r ta g e  o f a l te r n a t iv e  v ia b le  
s y s te m s  to d is c u s s .  It  is an im p o r ta n t  p a p e r  in th a t  th is  was the  f i r s t  
e x t e n s iv e  w o r k in g  out o f  th e  im p l ic a t io n s  and p ro b le m s  o f  u s in g  
p r o s o d ie s  in au tom atic  speech  r e c o g n i t io n ,  a lbe it o n ly  on p a p e r .  T h e
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p ro p o s a l is s t r a ig h t fo r w a r d  e n o u g h  in th a t  it su gges ts  a f u l l e r  l i n g u is t ic  
k n o w le d g e  sou rce  to im prove  r e c o g n i t io n .
M o t iv a t io n  fo r  u s in g  p r o s o d ic  fe a tu re s  comes from  the  f a i l u r e  of 
th e  c la ss ica l a n a lys is  of speech and  the f a i r l y  recen t w ork  s u g g e s t in g  
th a t  some de g re e  o f s y n ta c t ic  a n a ly s is  is necessa ry  b e fo re  a t te m p t in g  a 
p h o nem ic  level segm en ta t ion . T h e  idea is th a t  g iv e n  a ( s u r f a c e )  
s y n ta c t ic  s t r u c t u r e  the  l i s te n e r  can ' f i l i  in ' th e  phonem ic  le ve l  d e ta i ls ,  
so a t ta c k in g  the  re c o g n i t io n  p ro b le m  from  the  to p -e n d ,  w i th  th e  f u r t h e r  
p o s s ib i l i t y  of a p p ly in g  p h o n o lo g ic a l  ru le s  to c o n s t ra in  w hat is  f i l l e d  in .
A n  equ iva le n ce  is assum ed be tw een  the  speech re c o g n i t io n  p rocess  
in  p e rs o n  and machine. T h e  e v id e n c e  fo r  c o n te x tu a l  f i l l i n g - i n  comes 
from  e x p e r im e n ts  r e ly in g  on l i s te n e r s '  com petence and p e r c e p t u a l  
a p p a r a tu s .  No d o u b t  th e re  a re  ac t ive  c o n s t r a in ts  in v o lv e d  in  th e  fact 
th a t  l i s te n e r s  can  r e t r ie v e  m e an ing  from  an incom plete  u t t e r a n c e ,  b u t  
th a t  in i t s e l f  g iv e s  no in d ic a t io n  o f the mechanism o r  m echan ism s tha t 
r e s u l t  in  th is  e f f e c t .  Lea p ro p o s e s  th a t  the  g iv e n  account is a 
d e s c r ip t io n  o f such a m echan ism . T h e  n e x t  p rob lem  is w h a t  f ra m e w o rk  
f o r  re c o g n i t io n  shou ld  be use d  to  d e r iv e  a f i r s t  a p p ro x im a t io n  to 
re c o g n i t io n .  T h e  so lu t ion  is to  use the  re c o g n i t io n  o f  p r o s o d ic  fe a tu re s  
to  segm ent speech in to  p h r a s e - s iz e d  c h u n k s  and to locate s t r e s s e d  
s y l la b le s  w i th in  them . ( F u r t h e r  assum pt ions  here  are: t h is  a n a ly s is  can 
be done , it is re l ia b le ,  and it can  be used -  tha t is ,  th e re  is  some 
c o r re s p o n d e n c e  be tw een  s y n ta x  and la n g u a g e . )
T h e  ac tua l p ro s o d ic  f e a t u r e s  used in the  p r e l im in a r y  a n a ly s is  are 
e n e r g y ,  fu n d a m e n ta l  f r e q u e n c y  and v o ic in g  fu n c t io n s .  A n a l y s i s  at th is  
s tage in c lu d e s  a p ro s o d ic  s t r u c t u r e  a n a lys is  w h ich  r e t u r n s  p h r a s e  
b o u n d a r ie s ,  rh y th m s  and s t r e s s  p a t t e r n s ,  to g e th e r  w ith  a te n t a t i v e  
s y n ta c t ic  a n a ly s e r  w h ich  r e t u r n s  the most l i k e ly  s y n ta c t ic  s t r u c t u r e s .  
T h e  r e s t  o f the  sys tem , as p r o p o s e d ,  is d e s c r ib e d  in d e ta i l .  T h e
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re le v a n c e  to  th is  w ork  is in th e  in i t ia l  a n a lys is  b e in g  p e r fo rm e d  on the  
b a s is  o f  a lm ost e x c lu s iv e ly  p r o s o d ic  in fo rm a t io n .  In a w ay , th e n ,  a 
p r o s o d ic  a n a ly s is  can be  sa id  to  d r i v e  the re c o g n i t io n  p ro c e s s .
I n d i r e c t l y ,  two o th e r  fe a tu re s  o f  in te re s t  fo l lo w .  F i r s t l y ,  it 
fo l lo w s  fro m  th is  th a t  th e  re c o g n i t io n  p ro c e s s  is  to p - d o w n ,  and re l ie s  on 
a c h ie v in g  a s y n ta c t ic  d e s c r ip t io n  f i r s t .  T h e  p r e l im in a r y  a n a ly s is  was 
n o t  d e s ig n e d  to m ere ly  segm ent the  l in e a r  speech  stream in to  smaller 
p o r t i o n s ,  b u t  r a t h e r  th a t  the  segm en ta t ion  was e f fe c te d  in to  s t r u c t u r a l  
g r o u p i n g s  o f  g ra m m a r-g e n e ra te d  s t r u c t u r e :  to  th a t  e x te n t  the  s t r a te g y  
was w e l l - m o t iv a te d .  T h e  second p o in t  c o n c e rn s  the  s t re s s e d  sy l lab le  
lo c a t io n  o c c u r r in g  w i th in  th i s  p r e l im in a r y  a n a ly s is .  T h e  p a p e r  d ra w s  on 
w o rk  s h o w in g  th a t  s t re s s e d  s y l la b le s  o f fe r  th em se lves  as ' is la n d s  o f 
r e l i a b i l i t y 1. T h is  makes sense as a re c o g n i t io n  s t r a te g y ,  g iv e n  th a t  
c o n t e x t u a l  in fo rm a t io n ,  c o m p r is in g  a n y th in g  f ro m  d ip h o n e  t r a n s i t io n  
f r e q u e n c ie s  to p ra g m a t ic  c o n s t r a in t s ,  can o n ly  f i l l  gaps from  k n o w n  to 
u n k n o w n .  It  p re s e n ts  p ro b le m s  fo r  p a rs e r  im p le m en ta t io n ,  in  th a t  th e  
r e c o g n i t io n  must c o n t in u e  ou t f rom  these is la n d s  in b o th  d i r e c t io n s ,  and 
p r o b a b ly  f ro m  severa l s y l la b ic  loci at once. H o w e v e r  in t e r e s t in g ,  th is  
p a p e r  re m a in s  a p ro p o s a l ,  s ince  the  system d is c u s s e d  d id  n o t  not 
m a te r  ia li se.
L e a  1 9 80b  w h ich  takes  i ts  p r o p e r  p lace  as a re v ie w ,  r a t h e r  than  as 
re s e a r c h  c o n t r i b u t io n .  I t  is a s u b s ta n t ia l  c a ta lo g u e  o f  p ro s o d ic  fe a tu re s  
am enab le  to  a n a lys is  and an acco u n t  o f s e v e ra l  a lg o r i th m s  fo r  such an 
a n a ly s is ,  b u t  th e re  is no speech re c o g n i t io n  sys tem  p re s e n te d ,  o r  eve n  
a p r o p o s a l  fo r  one. P ro s o d ic  cu e s  are  d is c u s s e d  at s e v e ra l  leve ls  of 
la n g u a g e  re p re s e n ta t io n  and o f  the  re c o g n i t io n  p ro ce ss :
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1. In d e p e n d e n t  access to  a cous t ic  e v e n ts ,  b y - p a s s in g  the  c la s s ic a l  
a n a lys is  in to  w o rd s
2. R e so lu t io n  o f  a m b ig u it ie s  in te x t  and p u r e ly  w o rd -s e q u e n c e  
ana lyses , p r o v i d in g  s t r u c t u r a l  b r a c k e t in g  fo r  an u t t e r a n c e
3. Id e n t i f i c a t io n  of ju n c t u r e  phenom ena
4 .  S en te n ce  t y p e  id e n t i f i c a t io n ,  and sentence in c lu s io n  ( s u b o r d in a t io n  
and c o o rd in a t io n )
A lg o r i th m s  d e v e lo p e d  fo r  th e  c o m p u te r  a n a lys is  o f these fe a t u r e s  are 
d is c u s s e d  in d e p th ;  the m a jo r i ty  come from  Lea 's  own w o rk .  T h e y  
in c lu d e
1. E n e r g y  e x t r a c t io n
2 .  FO c o n to u r  e x t r a c t io n
3 . P h ra s e  b o u n d a r y  f l a g g in g  ( u s in g  FO)
4 .  S t re s s e d  s y l la b le  loca t ion
5 . A p ro p o s a l  fo r  s l ig h t  use in th e  BR N  Hwim system
/ .  E n e rq y  e x t r a c t io n .  T h is  is s ta n d a r d  p a ra m e te r  e x t r a c t io n ;  a large  
sample frame s ize is used -  a time w indow  o f  50ms, and a h ig h  
th r e s h o ld  is set fo r  the FO t r a c k e r  to  avo id  u n re l ia b le  va lu e s  and  a 
' j i t t e r y '  t ra c e .
2 . b o u n d a ry  d e te c t io n .  T h e  a lg o r i th m  w o rk s  b y  d e te c t in g  th e  p o s i t io n  
o f  d ip s  in th e  FO c o n to u r  o f  at least 5% and s im ila r  r ise s  fo l lo w in g  
im m ediate ly  a f t e r ;  the e v id e n c e  is th a t  such a decrease o c c u r s  at the 
end  o f  major s y n ta c t ic  c o n s t i t u e n t s .  T h e  a lg o r i th m ,  th o u g h ,  o p e ra te s
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on spe e ch  as a s e q u e n t ia l  s t r u c t u r e ,  and can re a l ly  o n ly  be c o n s id e re d  
a s u r f a c e  p h e nom enon  d e te c t o r .  T h e  a lg o r i th m  o p e ra te s  as an i t e r a t iv e  
se a rch  f o r  a f a l l - r i s e  in FO t r i p p i n g  the 5% leve l,  r a t h e r  th  >n a 
to p - d o w n ,  d i r e c te d  se a rch .  A s  such  it is a p r e p r o c e s s in g  a lg o r i th m ,  
p r o v i d i n g  a n o th e r  p r o s o d ic  fe a tu r e  p a ra m e te r  as o u t p u t .
3 . S tre s s e d  s y lla b le  lo c a tio n .  C o m b in a t io n  o f  the  a c o u s t ic  cues o f 
s t r e s s ,  FO p ro m in e n c e ,  vow e l d u r a t io n  and h ig h  in t e n s i t y ,  are  c la im ed 
to  g iv e  a re l ia b le  in d ic a t io n  o f  s t re s s  on v o w e ls .  T h e  a lg o r i th m  uses 
these  in  the  same ty p e  o f  i t e r a t i v e  sea rch  as w ith  th e  FO f a l l - r i s e  
d e te c t io n  d is c u s s e d  above, w i th  a r u n n in g  c o r r e la t io n  be tw een  th e  
m a r k e r s  d e r i v in g  fro m  the  s o n o ra n t  e n e r g y  t ra c e  and the FO t r a c e ,  w ith  
th e  p o s s ib i l i t y  o f  o f fs e t  b e tw e e n  the  tw o .
4 .  U se in  a u to m a tic  speech re c o g n it io n .  T w o  a p p ro a c h e s  are  d is c u s s e d .  
T h e  f i r s t  is to  use th is  p r o s o d ic  in fo rm a t io n  as a c h e c k  on an e x is t in g  
a n a ly s is ,  as an in d e p e n d e n t ,  th o u g h  s e c o n d a ry ,  s y s te m . A n  exam ple  
g iv e n  is  the  re a s s ig n m e n t o f l ik e l ih o o d  sco re s  to c o m p e t in g  h y p o th e s e s ;  
c a n d id a te  w o rd s  a re  g iv e n  a s t r o n g e r  w e ig h t  i f  an e x p e c te d  FO f a l l - r i s e  
does in  fact o c c u r .  T h e  se co n d  is to  take  the  p r o s o d ic  a n a ly s is  as 
b e in g  o f  eq u a l im p o r ta n c e  to  th e  segm enta l and le x ic a l  a n a ly s is ,  in  
e f fe c t  c r e a t in g  a p a ra l le l  re c o g n i t io n  p ro c e s s  w ith  i ts  own access to 
a c o u s t ic  e v e n ts  and its own s y n ta x  d e s c r ip t i o n .  T h i s  is a s im i la r  
a p p ro a c h  to th e  th e s is  o f  t h i s  w o r k ,  and is  s u p p o r te d  b y  Lea h im s e l f  in 
e a r l ie r  w o r k .  T h e r e  are s e v e ra l  reasons  w h y  the  a l te r n a t iv e  w e a k e r  
a p p ro a c h  s h o u ld  be  t r ie d  -  n o t  a ll o f  them are p e r s u a s iv e .  C le a r ly ,  it 
is i n t e r e s t in g  and  v a l id  in  A S R  to  seek th e  maximum amount of 
a d d i t io n a l  c o n s t r a in t s  in c o n s t r u c t i n g  and p r u n i n g  h y p o th e s e s .
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H o w e ve r ,  it is p o ss ib le  to specu la te  th a t  it is the  lack o f a s u i ta b le  
l in g u is t ic  th e o r y  o f  in to n a t io n  th a t  in e v i ta b ly  re lega ted  the  p r o s o d ic  
component to  tha t o f  a s e co n d a ry  s y s te m . T h e  p re v a le n t  c o n s e n s u s  in 
A m erica  is th a t  in to n a t io n  is a s u r fa c e  phenomena w ith  no c e n t r a l  l in k s  
w ith  the main system s o f  la n g u a g e . On ju s t  th a t  p o in t ,  it is s ig n i f i c a n t  
th a t  Lea ’s a lg o r i th m s  dea l on ly  w ith  th e  l in e a r  sequence o f F 0 fe a tu r e s  
in  the speech s tream .
T h e  w eaker p ro p o s a l  (a p p ro a c h  one above) has been employed in  the 
S p e r r y  U n iv a c  sys te m . Even h e re  it is h a rd  to d e te rm in e  the 
c o n t r ib u t io n  made b y  th i s  a p p ro a c h ;  autom atic  speech re c o g n i t io n  
systems a re  com p l ica ted  s t r u c t u r e s  and i ts  is u n l i k e ly  th a t  a s in g le  
component c o u ld  be e x c is e d  at random  in o rd e r  to assess its  
c o n t r ib u t io n .  (E ven  ta lk  o f 'co m p o n e n t '  is at a co n ce p tu a l  le v e l .  A ls o ,  
to  c o n s t r u c t  a system w ith o u t  s u p p o se d  adva n ta g e s  -  in the fo rm  o f  a 
new com ponent -  is to  d e s ig n  fo r  second b e s t . )  So it rem ains an open 
q u e s t io n  o f  w hat im p ro ve m e n t d e r iv e s  from  a com ponent as o p p o s e d  to 
o v e ra l l  d e s ig n .  T h e r e  is c le a r ly  a need fo r  a way o f assess ing  t h i s  
ty p e  o f  c o n t r ib u t io n  to  au tom atic  speech re c o g n i t io n  p e r fo rm a n c e  w i th o u t  
th e  in e le g a n t method o f  d e tu n in g  e x is t in g  sys tem s. It  is hoped th a t  the 
system o u t l in e  in t h i s  th e s is  can p r o v id e  ju s t  t h a t .  Lea sum m arises  the 
c u r r e n t  (1980b , p201) p o s i t io n  on p r o s o d ic  a n a lys is  in speech 
re c o g n i t io n :
A to ta l ly  p r o s o d ic a l l y - g u id e d  speech re c o g n i t io n  s t r a te g y  has b e e n  
o u t l in e d  b u t  s t i l l  aw a its  f u l l  im p le m en ta t io n , and th e re  is even 
some m er it  in te s t in g  p ro s o d ie s  w i th  a p ro s o d ic s -o n ly  r e c o g n is e r
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T h i s  th e s is  is s u c h  an a t te m p t ,  and also an a ttem p t to  de te rm in e  
how  sp e e ch  re c o g n is e rs  sh o u ld  be  c o n s t r u c te d .
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3 .1  I n t r o d u c t i o n
T h is  c h a p t e r  d iscu sse s  the  l i n g u is t i c  k n o w le d g e  on in to n a t io n  th a t  
can be used to  c o n s t r a in  A S R .  M u ch  o f  the  e f f o r t  in v o lv e d  in th is  
p ro je c t  has b e e n  d e s ig n in g  a s u i ta b le  fo rm alism  on one h a n d  and 
f jo fo r rn in in g  t h e  c o n te n t  o f  the  fo rm a lism  on th e  o t h e r .
T h e  p r i m a r y  fu n c t io n  o f th e  form alism  is th a t  it sh o u ld  e x p re s s  
e x p l ic i t  fac ts  a n d  re la t io n s  about B r i t i s h  E n g l is h  in to n a t io n .  A 
se condary  c o n s id e r a t io n  is th a t  th e  n o ta t io n  sh o u ld  be  amenable to th e  
c o m p u te r  h a n d l i n g  of th a t  k n o w le d g e ;  th is  in v o lv e s  c o n s id e ra t io n s  of 
t r a n s la t a b i l i t y , in te rn a l  r e p r e s e n t a t io n  and a n a ly s is  c o n t r o l  m echanism s, 
among o th e r  i t e m s .  T h e  b ro a d e r  aspec ts  of fo rm a l is a t io n  w i l l  be 
d iscussed  h e r e .  T h e  s e c o n d a ry  c o n s id e r a t io n s  v e rg e  n e a re r  to 
im p lem en ta t ion  d e ta i ls  and w i l l  be  d e a l t  w ith  in the  c h a p te r s  on 
in to n a t io n  r u l e  t r a n s la t io n  and on the  SDA system  p e r fo rm a n c e .
A d e v e lo p m e n t  o f  the  s y s te m ic  a p p ro a ch  c o n c e rn in g  in to n a t io n  
phenomena is  u s e d  as the  b a s is  f o r  the  l i n g u is t ic  k n o w le d g e .  T h e  
o r ig in a l  p o s i t io n  is d e s c r ib e d  in se c t io n  3 .4 .  T h e  fo l lo w in g  section 
g iv e s  an a c c o u n t  o f the  th e o r y  t h a t  is to  be te s te d  la te r .  It  has a 
loose b a s is  in  H a l l id a y 's  accoun t o f  in to n a t io n  sys tem s w i th in  the 
sys tem s of la n g u a g e ,  th o u g h  th e r e  have been some c h a n g e s  in the 
t r a n s i t io n  f r o m  p e rc e p t u a l ,  im p re s s io n is t ic  s ta te m e n ts  to e x p l ic i t  a cous t ic  
p a t t e r n s  th a t  a re  tes tab le  b y  m a ch in e .  What is in t e r e s t in g  is how fa r  
th e  p r e v io u s ly  u n v e r i f ia b le  p ro n o u n c e m e n ts  are  b o rn e  ou t b y  severa l 
( in d e p e n d e n t )  e x p e r im e n ts .
T h e re  is  a d is c u s s io n  on th e  th e o re t ic a l  p o s i t io n  o f  in to n a t io n  
b e fo re  the c o n t e n t  of the  d e s c r ip t i o n  is p r e s e n te d .  Some case must be  
made o f the  s e p a ra te  and in d e p e n d e n t  l i n g u is t i c  t r e a tm e n t  of in to n a t io n .  
T h e  a p p ro a c h e s  d e s c r ib e d  in  the  re v ie w  o f  P re v io u s  w o rk  b e g in  from
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some assum ption  abou t the l in g u is t ic  n a tu r e  o f in to n a t io n .
3 .2  F o r m a l is a t io n
T h e  in tro d u c tio n  and re v ie w s  of the  f i r s t  two c h a p te rs  in t ro d u c e d  
th e  no t ion  o f u s in g  l in g u is t ic  k n o w le d g e  to c o n s t r a in  the  p ro c e s s  of 
speech re c o g n i t io n .  So f a r ,  o n ly  the need fo r  such a c o n s t r a in t  has 
been m en t ioned ; n o th in g  has been  said o f how  such a b o d y  of 
k n o w le d g e  about in to n a t io n  can be  used in  th i s  w ay . A c c o r d in g ly ,  th is  
sec t ion  w i l l  deal w i th  th re e  areas on how in to n a t io n  w i l l  be p re s e n te d  as 
p a r t  of a model o f a sp e ake r 's  com petence . T h e  areas are language 
m o d e l l in g ,  competence and p e r fo rm a n c e ,  a n d  d e s c r ip t io n  re p re s e n ta t io n .
L a n g u a g e  m o d e l l i n g
T h e  f i r s t  p ro b le m  is w h a t a model o f  language is a model o f .  T h e  
b i r t h  of th e  t ra n s fo rm a t io n a l  g e n e ra t iv e  p a ra d ig m  b r o u g h t  the p rob lem  
o f  the  fo rm a l is a t io n  o f  language  to the  f o r e .  In one sense language can 
be  t re a te d  as th o u g h  it w ere  a fo rm al s y s te m  from the p o in t  of v iew  of 
g ra m m a r.  I f  we ru le  tha t o u r  in v e s t ig a t io n  is in to  a r u le -g o v e rn e d  
phenom ena , then  a ll  we ach ieve  is a d e s c r ip t io n  o f ru le s ,  if we are 
s u c c e s s fu l .  We can set up  two po les  e x e r t i n g  th e o re t ic a l  p u l l :  on one 
h a n d  we have language  as a w e l l -d e f in e d  sys te m , and on the o th e r  we 
p o s tu la te  no system  u n d e r l y in g  the  e v e n ts  o f  speech. (W e l l-d e f in e d  in 
t h a t  s y n c h ro n ic a l ly  th e re  is n o th in g  lost b y  a b s t ra c t in g  to sets, 
o p e ra t io n s  be tw een  se ts ,  and a s s e r t io n s  a b o u t  these o p e ra t io n s .  Such a 
sys tem  is said to be  a m odel o f w hat is u n d e r  d is c u s s io n . )  It  is he ld  
h e re  th a t  the p ro b le m  is no t in se le c t in g  w h ic h  po s i t io n  to a d o p t ,  b u t  in
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what in te rm e d ia te  p o s i t io n  be tw e e n  th e  two is u s e fu l  in the  p re s e n t  
p r o je c t .  No amount o f e m p ir ic a l  a rg u m e n t  im p in g e s  on th is  se lec t ion  
s ince  the  choice is o v e r  how to set u p  the  f ra m e w o rk  fo r  em p ir ica l  
in v e s t ig a t io n  in the  f i r s t  p lace .
In  what fo l lo w s ,  la n g u a g e  is ta k e n  as b e in g  s t r o n g ly  w e l l -d e f in e d  
in  the sense th a t  the  r e w r i t e  ru le s  o f  any  g ra m m a r th a t  is p re s e n te d  
p ro v id e s  an e x h a u s t iv e  a c c o u n t in g  o f  the  phenom ena o f in t e r e s t .  I t  
fo l low s th a t  the  d e g re e  o f  success in  re c o g n i t io n  w i l l  be d e p e n d e n t  on 
th is  p o s i t io n .  A l l  e r r o r  in  a t te m p t in g  re c o g n i t io n  w i l l  th e r e fo re  be  
a t t r i b u t e d  to in a d e q u a c ie s  w i th in  a g iv e n  g ra m m a r ;  the w id e r  q u e s t io n  
of w h ich  p a r t i c u la r  g ra m m a r  w o u ld  do  is le f t  u n a n s w e re d .  ( T h e  o n ly  
q u a l i f i c a t io n  to  th a t  d e g r e e  o f  c o n fo rm a n c e  to a w e l l -d e f in e d  sys tem  is 
in the tem plate  m a tc h in g .  T h e  g ra m m a r 's  te rm in a l  sym bols  are g iv e n  an 
o p e ra t io n a l  d e f in i t io n  in  th a t  t h e i r  id e n t i t y  is th e  r e s u l t  o f a p ro c e s s .  
E r r o r  measures at t h i s  leve l a re  ta k e n  to be some measure of 
'g o o d n e s s - o f - f i t 1. )
C o m p e te n c e  a n d  p e r f o r m a n c e
Once we have a g re e d  on fo rm a l is a t io n  as b e in g  s u i ta b le ,  th e r e  
rem a ins  the q u e s t io n  o f  the  c e n t r a l i t y  of the  m ode l,  th a t  is ,  w h e th e r  we 
a re  d e s c r ib in g  a n y t h i n g  more th a n  g r o u p s  o f a c o u s t ic  e v e n ts .  T h e  
c o m p e te n c e /p e r fo rm a n c e  d ic h o to m y  d e r iv e s  in  th e  main from  the  
in t e r p r e t a t i o n  o f  th e o r ie s  o f  la n g u a g e  (g ra m m a rs )  from  d is c ip l in e s  o th e r  
th a n  l in g u is t ic s .  T h e  locus c la s s ic u s  o f the  c u r r e n t  c o n t r o v e r s y  is  the  
s tance o f  the p s y c h o l in g u is t i c s  o f  th e  60's o v e r  o f  the  im plic it 
s u g g e s t io n  co n ta in e d  in  C h o m s k y 's  A sp e c ts  (1 9 6 5 ) .  T h e  im p l ica t io n  
seized upon  was an o v e r - s t r o n g  s u g g e s te d  c o r r e la t io n  be tw een 
d e s c r ip t io n  and use ; t h a t  how la n g u a g e  is d e s c r ib e d  is how it is used
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(G re e n e  1971 c o n ta in s  a good d is c u s s io n  of th a t  p e r io d ) .  S ince  the 
n a tu r e  of such  a d is t in c t io n  is th e  co n ce rn  o f those  in te re s te d  in the 
e x p la n a t io n  o f b e h a v io u r ,  we c o u ld  have p r e d ic te d  th a t  th e  same 
p ro g ra m m e  o f e r ro n e o u s  re se a rch  a c t i v i t y  in co m p u te r  sc ience  w ould  be
re p e a te d .
A c u r s o r y  s u r v e y  of c u r r e n t  A r t i f i c i a l  In te l l ig e n c e  w o rk  in the 
f i e ld  of n a tu r a l  language  p ro c e s s in g  be a rs  th is  o u t .  A n  example o f th is  
is  the speech u n d e r s ta n d in g  system  of R i tc h ie  ( 1977) -  chosen  because 
o f  i ts  th o ro u g h n e s s .  Here the  p ro c e s s  of u n d e r s ta n d in g  is  seen as a 
c o n v e rs io n  from  one re p re s e n ta t io n  to a n o th e r :  su r fa ce  fo rm  to semantic 
re p r e s e n ta t io n .  R e c o g n i t io n  is ta k e n  to be th e  possess ion  o f  ( th e  
c o r r e c t )  semantic  re p r e s e n ta t io n .  I t  is c lea r  th a t  any p o te n t ia l  
p ro b le m s  have  been s id e -s te p p e d  s im p ly  b y  a v o id in g  the  
c o m p e te n c e /p e r fo rm a n c e  d is t in c t io n  c o m p le te ly .  T h e re  is no  concep tua l 
room fo r  the  no t ion  o f  com petence, and the d e s c r ip t io n ,  th e o r y ,  model 
o f  language s ta n d s  o r  fa l ls  b y  i ts  p e r fo rm a n c e  as a r u n n i n g  com pu te r  
p ro g r a m .
T h e r e  are m any p o in ts  th a t  may be c r i t i c is e d  h e re :  u n d e rs ta n d in g  
is  not the  possess ion  of a re p re s e n ta t io n  ( w h a te v e r  th a t  means -  
• re p re s e n ta t io n 1 assumes a lo t ) ;  it is d o u b t fu l  i f  even th a t  r e s t r ic te d  
d e f in i t io n  o f sem antics  cou ld  u s e fu l ly  f in d  a home in c o m p u te r  sc ience; 
th e  su r fa c e  form  o f  language  is n o t  w ho lly  accoun ted  f o r  b y  an 
o r t h o g r a p h ic  l ine ; and  so on. B u t  the main c r i t i c is m  m u s t be re s e rv e d  
f o r  the claim th a t  (h u m a n )  language  p r o d u c t io n  and p e rc e p t io n  are 
to ta l ly  d is t in c t  p ro c e s s e s ,  s h o w in g  no common source  o f  language 
com petence. T h is  is  the h e a r t  o f  the  c o m p e te n c e /p e r fo rm a n c e  p ro b le m .  
T h e  p o s i t io n  is set ou t ( R i t c h ie  1977):
'vmmwmmB
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A complete  model of a la n g u a g e  u s e r  w i l l  ha ve  to s p e c i fy ,  among 
o th e r  th in g s ,  how semantic  s t r u c t u r e  can be  c o n v e r te d  e f f e c t i v e  y 
to s t r in g s  o f w o rd s  ( p r o d u c t io n s )  and how s t r i n g s  o f w o rd s  can 
be e f fe c t i v e ly  c o n v e r te d  to se m a n t ic  s t r u c t u r e  ( r e c o g n i t io n )  . . . 
T h e  two a lg o r i th m s  are d i s t i n c t ,  s ince  th e  fo rm  of in p u t  used  fo r  
one is the fo rm  o f o u tp u t  fo r  th e  o th e r  (a n d  v ic e - v e r s a )  . . . 
C hom skyan  l in g u is ts  u s u a l ly  ig n o r e  the need f o r  e f fe c t iv e  
p r o d u c t io n  and re c o g n i t io n  p r o c e d u r e s ,  so in a sense the  models 
a re  e q u a l ly  incom plete  a n s w e rs  to b o th  p ro b le m s .
T h is  c o n fo u n d s  mechanism w ith  d e s c r i p t i o n .  P eop le  use la n g u a g e  as a 
to o l ,  in  o r d e r  to mean, u s in g  t h e  sha red  set o f  c o n v e n t io n s  as a means. 
T h e r e  is no way it makes sense to  id e n t i f y  lan g u a g e  w ith  e i t h e r  the  
p ro c e s s  o f co d in g  o r  d e c o d in g .  I t  does no t make sense to claim th a t  
th e  e n c o d in g  and d e c o d in g  p ro c e s s e s  have n o th in g  in  common -  of 
c o u rs e  th e y  do, th e  com m ona li ty  is the code on w h ic h  th e y  o p e ra te .
T h e  p o s i t io n  taken  in t h i s  w o rk  is th a t  the  fe a tu re s  o f  in te r e s t  
are fe a tu re s  o f a sh a re d  c o m m u n ica t io n  code . A fo rm a l is a t io n  o f  the  
code c o n s t i tu te s  a k n o w le d g e  s o u r c e  on w h ic h  an y  l in g u is t ic  p ro c e s s  can 
o p e ra te ;  the  s t r u c t u r a l  o rg a n is a t io n  o f the  SDA sys tem  re f le c ts  ju s t  th a t  
p o in t .  T h e  ru le  in t e r p r e t e r  w h ic h  c o n v e r t s  p h o n o lo g ic a l  ru le s  in to  
co m p u te r-m a n a g e a b le  r e p r e s e n t a t io n  is se p a ra te  from  the  re c o g n is e r  tha t 
uses th e  in te rn a l  r e p r e s e n t a t io n .  How th e  re p r e s e n ta t io n  o f a g ram m ar 
o f  p r o s o d y  is a r r i v e d  at is o f n o  co n ce rn  to a re c o g n i t io n  p ro c e s s  th a t  
uses i t .  ( I n  a more c o lo u r fu l  w a y .  th e re  may be  as many w a ys  of 
le a rn in g  a language  as th e re  a r e  s p e a ke rs  o f  i t . )  T h is  a p p ro a c h  has the 
a d v a n ta g e  in th a t  any fo rm a l is a t io n  is o f la n g u a g e  as a c e n t r a l  
com ponent o f k n o w le d g e ,  no t a c o n fu s e d  a t te m p t at n e u r o p h y s io lo g y .  I f  
we need to  in t e r p r e t  o u r  s ta n c e  fo rm  the  v ie w p o in t  o f the  b e h a v io u r  
sc iences  (c o m p u te r  sc ience as w e l l  as p s y c h o lo g y ) ,  th e n  o u r  d e s c r ip t io n  
is  o f com petence.
T h e  p r o d u c t io n  ru le s  t h a t  are in t e r p r e t e d  b y  the  SDA sys tem  
c o n s t i tu te  a d e s c r ip t io n  o f s p e e c h  w ith  re fe re n c e  to a p ro p o s e d  
u n d e r l y in g  com petence. T h e  s t r a t e g y  a d o p te d  h e re  is tha t we can
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c o n s t r u c t  an in t e r p r e t e r  ( p a r s e r ,  u n d e r s ta n d in g  com ponent) to make 
use of the d e s c r ip t io n  in an a p p ro p r ia te  w ay . A n  a dvan tage  in f re e in g  
o u rs e lv e s  f ro m  on ly  c o n s id e r in g  mechanism is th a t  we do no t need to 
p ro p o se  a model of human b e h a v io u r .  T h e  o n ly  claim is th a t  the SDA 
system  p e r f o r m s  as it does, n o th in g  is said abou t how peop le  fu n c t io n .
We can take  th e  p e r fo rm a n c e  o f th e  a n a ly s e r  to re f le c t  a h y p o th e s is e d  
c o r re s p o n d e n c e  be tw een  th e  p a t t e r n - d e s c r ip t io n  and a g iv e n  speech 
u t te ra n c e .  E v e n  at t h is  leve l we are on ly  m a k ing  a claim about the 
code u se d , th e  decod ing  p ro c e s s  is taken  to be  a p r o v in c e  o f  co m p u te r  
im p le m e n ta t io n .  T h e  p a r t i c u l a r  im p lem enta t ion  o f  the SDA a n a ly s e r  is 
h e u r is t i c  tw o - le v e l  d y n a m ic  p ro g ra m m in g ,  c o n t r o l le d  b y  to p -d o w n  u s in g  
a re c u r s iv e  de sce n t  p r o c e d u r a l  a c t iv a t io n ,  fo l lo w in g  a t r e e - s t r u c t u r e d  
r e p r e s e n ta t io n  o f the  SDA in te rm e d ia te  re p re s e n ta t io n  (see c h a p te r  6 ) .
C o n s i d e r a t i o n s  on  d e s c r i p t i o n  r e p r e s e n t a t i o n
T h e  s p e c i f ic a t io n  o f  p ro s o d ic  d e s c r ip t io n ,  b y  the SDA p h o no log ica l 
r u le s ,  is k e p t  separate  from  its  in te rn a l  re p re s e n ta t io n  and sub se q u e n t 
m a n ip u la t io n  b y  SDA ( b y  the SDA l in k e r  and the  re c o g n i t io n  p a r s e r ) .  
H o w e v e r ,  t h i s  s t i l l  leaves us w i th  the  choice o f  g ram m ar n o ta t io n ,o r  
more p r e c is e ly ,  g ram m ar ty p e ,  in  w h ich  to p re s e n t  the  p ro s o d ic  ru le s  to 
th e  i n t e r p r e t e r .  (S te w a r t  ( 1976) c o v e rs  the  f ie ld  o f n o ta t io n . )  While 
s t i l l  u n d e c id e d  o v e r  the  c o n te n t  o f the  k n o w le d g e  com ponen t,  we can 
chose b e tw e e n  a ra n g e  o f  te c h n iq u e s  of g ram m ar re p re s e n ta t io n  
amenable to  c o m p u te r  p ro c e s s in g .  T h e  r e w r i te  ru le  is used here  to 
g iv e  a g e n e r a t iv e  d e s c r ip t io n  (a s s u m in g  some a r b i t r a r y  in i t ia l  s y m b o l) .  
T h e  g e n e ra l  form  o f  th e  r e w r i te  ru le  p r o d u c t io n  is
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< s t r in g 1 >  - - >  < s t r in g 2 >
w here  < s t r in g 1 >  is a nonem pty  s t r i n g  o f  n o n te rm in a l  sym b o ls  and 
< s t r in g 2 >  is a s t r i n g  o f te rm in a l  a n d / o r  n o n te rm in a l  s y m b o ls .  A n  
example o f  use is the  d e f in i t io n  o f th e  I l lu s t r a t iv e  f ra g m e n t o f  the  Base  
C o m p o n e n t from  C hom sky  ( 1965, p 1 0 6 -7 )
*3 ' 2* ( ¡ )  S — > NP P r e d ic a te -P h ra s e
( i i )  P re d ic a te -P h ra s e  — > A u x  V P  (P lace) (T im e )
( i i i )  VK> -_> • * *
D e p e n d in g  on ju s t  w h a t < s t r in g 1 >  a n d  < s t r in g 2 >  in ( 3 . 1 )  are a llowed to 
r e p r e s e n t ,  we fo rm  a l is t  o f p r o d u c t io n s  o f v a r y i n g  p o w e r  and 
g e n e r a l i t y .  Much o f the  cho ice  o f t y p e  o f g ram m ar w i l l  come dow n to 
th e  se le c t io n  o f r e s t r i c t io n s  in  the  a p p e a ra n c e  o f  sym b o ls  in  ru le s  o f the 
(3 .1 )  t y p e .  In  th is  way the  form  o f  p ro d u c t io n  d e te rm in e s  the 
g e n e r a t iv e  p o w e r  o f the g ra m m a r.  F o l lo w in g  on , the  a c tu a l  cho ice  of 
g ram m ar ty p e  must be  from some p o s i t io n  in the  C h o m s k y  h ie r a r c h y  of 
g ra m m a rs  fo rm ed  b y
1. ty p e  0 g ra m m a r. T h e  p r o d u c t io n s  are o f  the  g e n e ra l  fo rm  ( 3 . 1 ) .  
T h is  is  the  most g e n e ra l  fo rm .
2. ty p e  1 g ra m m a r. T h is  g ram m ar c o n ta in s  o n ly  p r o d u c t io n s  of the  
fo rm :
<sym1> < n o n te rm >  <sym 2> — > <sym1> <sym 3> <sym2>
w h e re  a n o n te rm in a l  sym bol is t r a n s la t e d  out w i th  each p ro d u c t io n ,  
also k n o w n  as a c o n te x t - s e n s i t i v e  g ram m ar
3 . ty p e  2 g ra m m a r. T he  p r o d u c t io n s  are o f the  g e n e ra l  fo rm  ( 3 . 1 ) ,
C h a p te r  3
53
w here  < s t r in g 1 >  is a s ing le  (n o n te rm in a l )  symbol
4 .  ty p e  3 g ra m m a r. T h e  p ro d u c t io n s  are  on ly  o f the fo rm :
<sym1> — > < term1> 
or
<sym1> — > < te rm 1> <sym2>
w here  <sym1> and <sym2> are  s in g le  (n o n te rm in a l)  sym bo ls ,  and 
<term 1> is a s in g le  te rm in a l  sym bo l.
Of c o u rs e ,  w h a t  g ram m ar ty p e  we select depends  v e r y  much on 
t h e  task e x p e c te d  o f  i t .  One o f  the  go a ls  o f a lg e b ra ic  l in g u is t ic s  is  to 
d e te rm in e  th e  w eakest g e n e ra t iv e  p o w e r  needed to a d e q u a te ly  h a n d le  
n a tu r a l  la n g u a g e . M uch  o f the  a p p a re n t  d isagreem ent o v e r  what is the 
w e a ke s t re le v a n t  g ra m m a r is o v e r  what phenom ena o f language  sh o u ld  
b e  a dm it ted  as r e le v a n t .  (F o r  exam ple ,  cla ims tha t E n g l is h  te x t  is 
n - s y m b o l  lookahead ca n  a lways be  c o u n te re d  b y  se lf -e m b e d d in g  
t r a n s fo r m a t io n ,  su ch  th a t  a p a r s e r  d e te c ts  a m b ig u i ty ,  e sp e c ia l ly  w h e re  
th e  com ple tion  o f an em bedded c lause  is  op t io n a l  -  is th e  (o p t io n a l )  
com plem ent p a r t  o f  th e  nes ted  s t r u c t u r e ,  o r  o f  the h o s t? )  T h e  
t r a d i t io n a l  tes t  o f a d e q u a cy  has been th e  phenomena o f  a m b ig u i ty ,  o r  
r a t h e r  th e  n o n o c c u r re n c e  o f  a m b ig u i t y .  In fo rm a l ly ,  we d e f in e  a 
sen tence  o f  a la n g u a g e  to be  am b iguous  w ith  respect to  a g iv e n  
g ram m ar i f  it can b e  g e n e ra te d  b y  at least two d is t in c t  d e r iv a t io n s .  
•S entence1 is used in  the sense o f  a sequence  o f te rm in a l  sym bo ls .  A n y  
a m b ig u i ty  must be  assoc ia ted  w i th  a s p e c i f ic  g ram m ar s ince  fam il ies  of 
g ra m m a rs  can be c o n s t r u c te d  to  p ro d u c e  the  same sen tence  fo r  d is t in c t
d e r iv a t io n s .
T h e  form alism  used b y  th e  a n a ly s is  system w i l l  assume:
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1. T h e  s t r u c t u r e  o f the  in to n a t io n  d e s c r ip t i o n  o f th e  b r e a t h - g r o u p  can 
be  h a n d le d  b y  a small p h r a s e - s t r u c t u r e  g ra m m a r .
2 . T h e  p o s s ib i l i t y  o f c o n te x tu a l  e m b e d d in g  ( p a r e n th e s is )  r e q u i r e s  a 
c o n t e x t - f r e e  d e s c r ip t io n  r a t h e r  than  a f in i t e  s ta te  g ra m m a r.
3 . T h e  o p e ra t io n  o f the  a n a ly s e r  u s in g  th e  g ram m ar d e s c r ip t io n  shou ld  
r e t u r n  the  o v e ra l l  b e s t  f i t t i n g  o f h y p o th e s e s  w i th o u t  specia l 
i n s t r u c t io n s  w i th in  the  l in g u is t ic  d e s c r ip t i o n .  T e x tu a l  p a r s in g  
r e q u i r e s  o n ly  th a t  a match is fo u n d :  t h i s  system  is an a n a ly s is  
system  th a t  re q u i re s  the  b e s t match to  be r e t u r n e d .  T h e  mechanism 
b y  w h ich  the  b e s t  ( o v e r a l l )  match is  a c tu a l ly  d e te rm in e d  is no t 
in f lu e n c e d  b y  the  g ram m ar d e s c r ip t i o n .  W he the r  the  a n a ly s is  
o p e ra t io n  is f u l l  d yn a m ic  p ro g r a m m in g ,  h e u r is t i c  se a rch ,  o r  even 
e x h a u s t iv e  t r i a l ,  is no t re le v a n t  at t h e  level o f  g ram m ar w r i t i n g .  A t  
th e  na ive  le ve l ,  the  SDA system can b e  used as i f  it w ere  a simple 
b e s t - f i r s t  sys tem : the  u s e r  need n o t  be  aware o f the  u n d e r l y in g
o p e ra t io n s .
In  a d d i t io n ,  th e re  are s imple n o ta t io n a l  c o n v e n t io n s  in fo rc e .  (T h e  
u s u a l  m ean ings  fo r  'd e f in in g  o c c u r re n c e '  and 'use ' fo r  i d e n t i f ie r s  in 
p ro g r a m m in g  languages w i l l  be  re ta in e d :  the  o c c u r r e n c e  o f an id e n t i f ie r  
on  the  le f t  h a n d  p a r t  of a r e w r i te  ru le  is  a d e f in in g  o c c u r r e n c e ,  and 
th e  o c c u r r e n c e  on the  r i g h t  han d  p a r t  is  the  u se  o f th a t  i d e n t i f i e r . )
1. A n  id e n t i f ie r  shou ld  be  d e f in e d  once  and o n ly  once. No d e f in i t io n  at 
a l l  r e s u l t s  in  the d e p e n d e n t  p r o d u c t io n s  u s in g  the  id e n t i f i e r  in 
q u e s t io n  b e in g  ig n o re d  at a n a lys is  r u n - t im e .  M u l t ip le  d e f in i t io n s  of 
the  same id e n t i f ie r  re s u l t  in the  se co n d  and su b s e q u e n t  d e f in i t io n s  
b e in g  ig n o r e d  at t ra n s la t io n ,  b u t  w i t h  all uses  o f the  id e n t i f i e r  b e in g  
subsum ed u n d e r  the f i r s t  d e f in i t io n . N e i th e r  o f these e r r o r s  are
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fa ta l  b u t  th e y  may p ro d u c e  u n in te n d e d  re s u l ts .
2 . Id e n t i f ie r s  m us t be  used b e fo r e  th e i r  d e f in in g  o c c u r re n c e .  T h is
fo l low s common p ra c t ic e  in  w r i t i n g  p h r a s e - s t r u c t u r e  gram m ars  w h e re  
id e n t i f ie r s  a re  d e f in e d  im m ed ia te ly  a f te r  t h e i r  u s e ,  as in
a — > b ,  c 
b  — > x x x  
c — > y y y
I f  id e n t i f ie r s  a re  d e f in e d  b e fo r e  use the e r r o r  is  de tec ted  at 
t r a n s la t io n  and  is fa ta l .
3. T h e  p r e s e n t  im p lem enta t ion  o f  SDA r e q u i re s  th a t  em bedd ing  is made 
e x p l i c i t .  A l l  in s tances  o f  r e c u r s io n  sh o u ld  be c o n v e r te d  to e x p l ic i t  
cho ices  b e tw e e n  p h r a s e - s t r u c t u r e s  o f d i f f e r in g  c o m p le x i t ie s .  Im p l ic i t  
re c u r s io n  is ig n o re d  at t r a n s la t io n ,  b u t  w i l l  p ro d u c e  a fa ta l e r r o r  at 
r u n - t im e .
3 .3  T h e  i n t o n a t i o n  r u l e  b a s e
In  t h i s  se c t ion  the in to n a t io n  model to be te s te d  b y  the SDA 
system  is in t r o d u c e d .  From a g e n e ra l  c o n s id e ra t io n  of non -se g m e n ta l 
p h o n o lo g y  we d e r iv e  a d e s c r ip t io n  o f B r i t i s h  E n g l is h  in to n a t io n  s im i la r  
to  H a l l id a y 's  w o rk  o f the  1960's. S e ve ra l  chan g e s  are  made in the 
a p pearance  o f  th e  in to n a t io n  th e o r y ,  main ly  to  overcome prob lem s 
assoc ia ted  w i th  c o m p u te r  fo rm a l is a t io n .
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T h e  p h o n e m ic  p r i n c i p l e
L a n g u a g e  is a p a t t e r n in g  o f  su b s ta n ce ,  it is  form imposed on 
su b s ta n c e  ( T h is  d is c u s s io n  o f  re a l is in g  form  b y  su b s ta n c e  c lo s e ly  
fo l lo w s  H je lm slev 1961, esp e c ia l ly  section  1 3 ).  I n  the  p r im a r y  
re a l is a t io n  o f la n g u a g e ,  th a t  s u b s ta n ce  is s o u n d ,  the medium o f 
te m p o ra l ,  l inea r  v a r ia t io n  in  local a ir  p r e s s u r e .  A t  th is  e a r ly  p o in t  it 
becomes c o n v e n ie n t  to make a d is t in c t io n  b e tw e e n  p h o n e t ic s  and 
p h o n o lo g y :  p h o n e t ic s  deals  w i th  the sounds  o f  speech  w ith  re s p e c t  to 
t h e i r  a co u s t ic ,  a r t i c u l a t o r y  o r  a u d i to ry  p r o p e r t i e s :  p h o n o lo g y  dea ls  w ith  
th e  s o u n d s  o f speech  th a t  can se rve  as fu n c t io n a l  u n i t s  in a la n g u a g e .  
E lem ents  o f  lang u a g e  fu n c t io n  th r o u g h  c o n t r a s t s ,  not th o u g h  th e re  
b e in g  an y  o n e - to -o n e  or o n e - to -m a n y  m app ing  f r o m  the  u n i t s  of 
p h o n o lo g y  to  th o s e  o f p h o n e t ic s .  T h e  th e o ry  t h a t  l i n g u is t ic s  fu n c t io n s  
th r o u g h  the  mechanism o f c o n t r a s ts ,  th a t  is ,  t h r o u g h  d i f fe r e n c e s  of 
s u b s ta n c e ,  was p ro p o s e d  b y  de S a u s s u re  (1 9 5 9 ) .  T h e  th e o r y  became 
k n o w n  as S t r u c t u r a l is m  as it m a in ta ined  th a t  t h e  most p e r t in e n t  aspect 
o f  lan g u a g e  is t h a t  i t  is a s e t ,  a s t r u c t u r e ,  o f  re la t io n s  o f  c o n t r a s ts .
T h is  s tep e f f e c t i v e ly  d is p e ls  any p h i lo s o p h ic a l  o b je c t io n  to 
id e n t i f y in g  a p e r c e p tu a l  'same' w ith  c o n t in u a l ly  v a r y i n g  e v e n ts  in space 
and tim e: i d e n t i t y  is fo u n d e d  in  a d i f f e r e n t ia l  r e la t io n s h ip  b e tw e e n  
e v e n ts ,  no t in an e ve n t  in i t s e l f .  T h e  c e n t r a l  S t r u c t u r a l i s t  th e s is  w il l  
be  used  to  s u s ta in  an a rg u m e n t d i r e c t l y ,  in  s e c t io n  5 .4  on tem pla te  
m a tc h in g  and in  th e  d is c u s s io n  in section  3 .5 .  T h e  d is t in c t io n ,  be tw een  
an u n d e r l y in g  d e s c r ip t io n  and a re a l is a t io n  o f  t h a t  re p r e s e n ta t io n  in 
o b s e rv a b le  b e h a v io u r ,  has been  a v e r y  f r u i t f u l  one to make in  m odern 
l i n g u is t i c s .  How we make th i s  d is t in c t io n ,  o r  w here  the  d iv is io n  shou ld
be made, is a n o th e r  q u e s t io n .
W hether t h i s  d iv is io n ,  the  e m ic /e t ic  d i s t in c t io n ,  is made or
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ju s t i f ie d  on o p e ra t io n a l  (B lo o m fie ld  1933). p syc h o lo g ic a l  (J B a u d o u in  de 
C o u r te n a y ,  w o rk in g  a ro u n d  1895, as c i t e d  b y  T r u b e t z k o y  1933), 
i n t u i t i v e  ( S a p i r  1925), t ra n s c e n d e n ta l  (H je lm s le v  1961), o r  
m e thodo log ica l (C h o m s k y  and Halle  1968) g ro u n d s  is a m a t te r  of 
a d h e re n c e  to  p a r t i c u l a r  schoo ls  o f l i n g u is t i c s .  One o f  the  s t ro n g e s t  and 
most c o n v e n ie n t  fo rm s  o f  the d is t in c t io n  is the c lass ica l phonem ic  
p r in c ip le  (A m e r ic a n  S t r u c t u r a l i s t )  h o ld in g  tha t Som m ers te in  ( 1977, P2 ) :
th e  d i f fe r e n c e s  o f  s o u n d  th a t  must be  d iscussed  in  a 
p h o n o lo g ic a l  d e s c r ip t io n  o f a la n g u a g e  are all the  c o n t r a s ts  of 
th a t  language  and o n ly  those
w ith  an Item and A r r a n g e m e n t  s u p e r s t r u c t u r e  o f th e o r y  to c la s s i fy  can
h a n d le  these  p r im e s  (H o c k e t  1958).
T h is  ca non ica l fo rm  is p a r t  o f a g e n e ra l  th e o r y  o f language  tha t 
ta k e s  g ram m ar to be  a m a n y - la y e re d  s t r u c t u r e ;  p h o n o lo g y  is the 
d e s c r ip t io n  g iv e n  b y  th e  lowest la y e r  ( . . . p o s tu la te d  to  be v a l id  in 
o u r  a n a ly s is )  im p in g in g  on the  p h o n ic  s u b s ta n c e .  T h e  th e o re t ic a l  
t r e a tm e n t  f o r  a t re a tm e n t  o f  segm enta l p h o n o lo g y  is f a i r l y  well d e f in e d  
among l i n g u is t s .  H o w e v e r ,  th e re  is a need to a rg u e  fo r  a phono log ica l 
a n a ly s is  o f p r o s o d y :  o th e rw is e  p r o s o d ic  e f fe c ts  w ou ld  have  no s ta tu s  
w i t h in  o u r  th e o r y .  W ith  no u n d e r l y in g  re p re s e n ta t io n  th e re  is no 
p o s s ib i l i t y  o f d e v e lo p in g  the  e x p la n a t o r y  p ow er in h e re n t  in  a s c ie n t i f ic
th e o r y .
P r o s o d y  in  l i n g u i s t i c  ta x o n o m y
A n y  attem pt to  use p ro s o d y  as l in g u is t ic  in fo rm a t io n  makes the 
b a s ic  assum pt ion  th a t  su ch  e f fe c ts  in  speech can be  han d le d  
l i n g u is t i c a l l y ;  th a t  is .  th e y  can be  re p r e s e n te d  b y  a system of l in g u is t ic  
s ig n s  th a t  d is p la y  c o n t r a s t s ,  and e n t e r  in to  p a ra d ig m a t ic  and
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s y n ta g m a t ic  re la t io n s .  B e fo re  th is  can be  accep ted , we must c o n s id e r  
tw o  b ro a d  s t r a n d s  o f  c o u n te r  a rg u m e n t c o n ce rn e d  w i t h  the form and 
c o n te n t  o f  d e s c r ip t io n :
1. O u r  g e n e ra l  t h e o r y  o f language  (w h ic h  e v e r  one we have) w i l l  not 
np rm it  u s  to t r e a t  p ro s o d ic  fe a tu re s  th is  w ay . F o r  exam ple , the
l"
Immediate  C o n s t i t u e n t  a n a ly s is ,  p re v a le n t  among th e  A m e r ic a n  
S t r u c t u r a l i s t s  schoo ls  o f the  m id -2 0 th  c e n t u r y ,  s t a r t i n g  w ith  
B lo o m f ie ld  ( 1933), had no room in th e i r  th e o r ie s  f o r  n o n -s e g m e n ta l  
fe a t u r e s .  (N o  d o u b t ,  if  p re s s e d ,  the th e o re t ic a l  ju s t i f i c a t io n  w ou ld  
be so m e th in g  a long  the lines  of a rg u m e n t 2 . b e lo w . )  T h is  re d u ce s  
o u r  t h e o r y - fo r m a t io n  to a m a t te r  o f acce p t in g  d o c t r in e ,  and can be 
c o u n te r e d  b y  s im ple  re je c t io n .
2. E ve n  i f  th e re  was room in the th e o r y ,  the  p a r t i c u l a r  fe a tu re s  we 
are in te re s te d  in  ca n n o t  be  re p re s e n te d  as ( l i n g u i s t i c )  s ig n s  as th e y  
lack c e r t a in  e s s e n t ia l  p r o p e r t ie s .  Because o f  t h a t ,  the fe a tu re s  are  
of no in t r i n s i c  in te r e s t  to a l in g u is t ,  ho w e ver m u c h  th e y  in te re s t  
p s y c h o lo g is ts ,  so c io lo g is ts  and o th e r s .  A n  e xam p le  of th is  is the  
p o s i t io n  ta ke n  b y  P L ie be rm an  ( 1967. and d is c u s s e d  be low  in  th is  
s e c t io n ) ,  and B o l in g e r  ( o v e r  se ve ra l  y e a rs ,  e s p e c ia l ly  1951. 1961).
T h e s e  w i l l  be ta k e n  in  t u r n .
O ne  o f  the  r e c u r r i n g  themes o f m odern l i n g u is t i c s  is the  p la c in g  
o f  the low est la y e r  o f  language  d e s c r ip t io n .  We c a n  id e n t i f y  tw o  main 
s t r a n d s  in  P o s t-B lo o m f ie ld ia n  th e o re t ic a l  p o s i t io n s :  a m arked  s h i f t  from  
'm e n ta l is t '  and o p e ra t io n a l  d e f in i t io n s ;  and a q u e s t io n in g  o f the 
a r t i c u l a t o r y  b a s is  o f  phoneme th e o r y .  B o th  these  moves c o n s t i tu te  a 
c h a n g e  in  what is  accep ted  as l in g u is t ic  th e o ry  a n d  each w i l l  be
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exam ined  to d e te rm in e  th e i r  re le v a n c e  to the  th e o re t ic a l  h a n d l in g  of 
p ro s o d ic  fe a tu re s .
1. T h e  s h i f t  f ro m  a s in g le  o p e ra t io n a l  p r in c ip le  o r  d e f in i t io n  fo r  
i d e n t i f y in g  a l i n g u is t i c  e n t i t y  can be  e f fe c te d  b y  a d o p t in g  a 
t ra n s fo rm a t io n a l  g e n e ra t iv e  g ra m m a r  as o u r  lan g u a g e  d e s c r ip t io n  
(C h o m s k y  1 957).  A t r a n s fo rm a t io n a l  g e n e ra t iv e  g ram m ar rep laces the 
n o t io n  o f  ' la y e r s  o f r e p r e s e n ta t io n '  w ith  no tion  o f  a dynam ic  sequence of 
p r o d u c t io n s ,  w i th  no s in g le  in te rm e d ia ry  p r o d u c t io n  b e in g  id e n t i f ie d  as 
th e  leve l o f p h o n o lo g y ,  o r  o f  m o rp h o lo g y ,  o r  o f  semantics (Schane 1974 
f o r  an e x p o s i t io n  and c r i t i c i s m ) .  T h e re  is n o th in g  in h e re n t  in a 
t r a n s fo r m a t io n a l  g e n e ra t iv e  g ra m m a r  th a t  makes i t  s u p e r io r  to  o th e r s ,  
on th i s  c o u n t ,  at le as t .  I t  is ju s t  one o f many ty p e s  o f gram m ar th a t  
does n o t  p r e ju d ic e  i t s e l f  on the  s t r u c t u r e  of lang u a g e  (as opposed to 
l a n g u a g e - t h e o r y ) .
S u ch  a s h i f t  allows an e x p l i c i t  h a n d l in g  o f  non-segm enta l 
in fo rm a t io n  a nd  re p r e s e n ta t io n ,  som eth ing  tha t was not at all easy 
u n d e r  an a n a ly s is  p ro to c o l  u s in g  (se g m e n ta l)  phonem es as th e o re t ica l  
p r im e s .  In  t h a t  s o r t  o f  a n a ly s is  p ro s o d ic  fe a tu re s  were le f t  as re s id u e ;  
th e r e  was no o th e r  label to  a p p ly  to them (h e n c e  the d e r iv a t io n  of 
'n o n -s e g m e n ta l ' ) .
T ra n s fo r m a t io n a l  g e n e r a t iv e  th e o ry  e le g a n t ly  supercedes  the  
p itc h  phonem e  dev ice  w h ic h  was in t ro d u c e d  in  o r d e r  to  salvage Item and 
A r r a n g e m e n t  th e o r ie s .  T h e  a d m it ta n ce  o f a p i t c h  phoneme ( T r a g e r  and 
S m ith  1957, 41) solves th e  p ro b le m  o f re s id u e ,  b u t  deg ra d e s  the the 
e x p la n a t o r y  p o w e r  of a ny  s u b s e q u e n t  immediate c o n s t i tu e n t  a n a lys is .
T h e  p o in t  o f  f r i c t i o n  l ies in  m o rp h o p h o n o lo g y ,  as all phonemes must be 
a cc o u n te d  f o r  in  some m a p p in g  from  phonemes to  m orphs . So to take 
an example f ro m  T r a g e r  and S m ith  ( 1957. 4 6 ) .  we co n s id e r  the two
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sequences in  (3 .3 )
(3 .3 )
/ J o h n y /  + 2 3  
and
/ J o h n y /  + 3 2
to be d i f f e r e n t ,  s in g le  morphemes ( fo l lo w in g  th e i r  n o ta t io n  fo r  in d ic a t in g  
th e  shape o f  the  F0 c o n to u r  b y  sequences o f in t e g e r s ) .  H o w e v e r ,  any 
model o f com petence u n d e r  th is  th e o r y  w ould  have to a s s ig n  to separa te  
e n t r ie s  in th e  lex icon  th e  m orph JOH N Y w ith  tw o in to n a t io n  c o n to u r s ,  
one fa l l in g  and the  o t h e r  r i s in g .  B u t  the common in t u i t i o n  is th a t  the 
exam ples o f  (3 .3 )  a re  o f  the  same m o rp h ,  w ith  d i f f e r i n g  in to n a t io n  
(m ore p r o b a b ly ,  's p o k e n  w ith  d i f f e r e n t  in to n a t io n ' ,  o r  s im p ly  's p o k e n  
d i f f e r e n t l y ' ) .  A p ro p o s e d  so lu t ion  to th is  ob jec t ion  is  th e  d e v ic e  o f the 
•phonemic w ord '  w h ic h  has 'no c o n n o ta t io n  w h a tso e ve r  o f  m o rp h o lo g y '  
( T r a g e r  and S m ith  1957. pSO). In  th a t  case it c a n n o t  even b e g in  to 
so lve a p ro b le m  o f m o rp h o p h o n o lo g y .  (One w onders  w h y  'phonem ic  
w o rd '  was used in s te a d  o f ,  say , 'phonem ic  sequence ',  i f  it was n o t  fo r  
th e  sake o f  c o n n o ta t io n . )
T h e  r is e  o f th e  t r a n s fo rm a t io n a l  g e n e ra t iv e  sch o o l ( f ro m  C hom sky  
1957 o n w a rd )  made it e as ie r  to h a n d le  n o n -segm en ta l fa c ts  in a g ram m ar 
o f  com petence . A s  m en t io n e d  in  1. above, the p r e v i o u s  th e o re t ic a l  
c l imate was s t r o n g ly  b ia s e d  to w a rd s  the  A m e r ic a n  S t r u c t u r a l i s t  schoo l.  
T h e  s i tu a t io n  was th a t  o f  Immediate C o n s t i tu e n t  a n a ly s is ,  w i th  th e  in i t ia l  
a n a ly s is  b e in g  made on s t r u c t u r a l i s t  a rg u m e n ts .  In  c o n t r a s t ,  a 
g e n e ra t iv e  g ram m ar m ere ly  allows fo r  a sequence o f  p r o d u c t io n s ,  
r e w r i t t e n  from  an in i t i a l  sym bol; no mention is made o f  leve ls ,  o r  of the 
r e a l i t y  o f  immediate p r o d u c t io n s .  A gram m ar o rg a n is e d  a long these
l in e s  can p lace  the same th e o re t ic a l  w e ig h t  on b o th  segm enta l and 
n o n -s e g m e n ta l  fe a tu re s ,  and o f te n  does . One in te re s t in g  deve lopm ent is 
t h e  re ce n t  c r i t i c is m  (S c h a n e  1974. t h r o u g h o u t )  on the  fa c t  th a t  the 
c la s s ic a l  p h o nem ic  level o f  re p r e s e n ta t io n  is allocated no r e a l i t y  w i th in  
t h e  new spec ies  o f g ra m m a r .
In fa c t ,  a th e o re t ic a l  f ra m e w o rk  l ik e  th is  can make segmenta l 
fe a tu re s  lo g ic a l ly  d e p e n d e n t  on the  p r i o r  g e n e ra t io n  o f p ro s o d ic  fe a tu re s  
in  a model o f p e fo rm a n c e .  A case in p o in t  is the w o r k in g  of the 
E n g l is h  N u c le a r  S t re s s  R u le  (C h o m s k y  and Halle  1968. p 2 4 0 . ru le  ( 1 8 ) ) .  
O t h e r  ru le s ,  c o n t r o l l in g  the  g e n e ra t io n  o f  segmenta l f e a t u r e s ,  such as 
v o w e l r e d u c t io n  ( i n  th e  same S ound  P a t t e r n  o f  E n g l is h  m ode l)  are 
d e p e n d e n t  on the  p la c in g  o f the  s t r e s s  p a t t e r n .  How f a r  we can a rgue  
th e o r e t ic a l  p r im a c y  on th e  b a s is  of s u r fa c e  fe a tu re  o n to g e n y  w i th in  a 
g ra m m a r ( i n  th e  p ro c e s s  o f g e n e ra t in g  i ts  language) is moot; b u t  at 
leas t f rom  a m e th o d o lo g ica l  p o in t  o f v ie w ,  non -se g m e n ta l fe a tu re s  need
n o t  be  t re a te d  as re s id u e .
2 . T h e  a r t i c u la t o r y  b a s is  o f p h o n o lo g y  is weakened b y  c o n s id e r in g  the 
n o n -s e g m e n ta l  e f fe c ts  ( p h o n e t ic s )  and  c o n t r a s ts  th a t  a re  rea l.sed  b y  
su ch  e f fe c ts  ( p h o n o lo g y ) .  T h is  am ounts  to no more th a n  a d m it t in g  
fa c ts  to  o u r  a n a ly s is  a c t i v i t y ,  fa c ts  w h ic h  need to  be e x p la in e d  once 
re c o g n is e d .  Jus t su ch  a c o n s id e ra t io n  is  p a r t  of t h is  th e s is .  T h a t  
segm enta l e f fe c ts  a t ta in  a p r i o r i t y  in  a n a ly s is  is not d ue  to any of the 
g r o u n d s  b y  w h ich  we set up  th e  p h o n e t ic /p h o n e m ic  d is t in c t io n  in the 
f i r s t  p lace  need not be  p r o v e n .  T h e  b u r d e n  o f p r o o f  f o r  tha t 
r e s t r i c t io n  sh o u ld  be  on  the  move to  e x c lu s io n .  H o w e v e r ,  it is 
s t r a ig h t f o r w a r d  to p r e s e n t  a case f o r  in c lu s io n .
T h e  g r o u n d s  f o r  a p p ly in g  the  d is t in c t io n  to p ro s o d y  can be 
g ro u p e d  in to  two main areas ( w i t h  e x p e r im e n ta l  e v id e n c e  coming from
i
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the  e x p e r im e n ts  o f  sec tion  3 . 5 ) :
F ir s t ly ,  o p e ra t io n a l  app ro a ch e s  in  ph o n o lo g ica l an a lys is  can be  e x te n d e d  
to  in c lu d e  th e  o p p o s it io n  o f p r o s o d ic  fe a tu re s  fo u n d  in a lang u a g e  
c o rp u s  ju s t  as much as the  o p p o s i t io n  o f segmental a r t i c u la t o r y  
fe a tu re s .  So. i f  e n t r y  in to  th e  p h o n o lo g ic a l  system is b y  the  d is p la y  of 
c o n t r a s ts  a nd  of re la t io n s  w i th  o th e r  u n i t s  (p a ra d ig m a t ic  and 
s y n ta g m a t ic  re la t io n s )  in a la n g u a g e  c o rp u s ,  then  we can f i n d  ana logy  
o v e r  the c la ss ica l  segm enta l m in im a l p a i r  ( ta b le  3.1 and se c t io n  6 . 3 ) .
level o f  
d e s c r ip t io n
term  1 term  2
p h o n e t ic
p h o n o lo g y
sem ant ics
FO fa l l in g  
/ / 1 le f t  fo r l I t a l y I I  
s ta tem ent
FO r is in g  
/ / j l e f t  f o r l l t a l y l i  
q u e s t io n
p h o n e t ic
p h o n o lo g y
sem ant ics
b i la b ia l  p lo s iv e  
p a t  n
c o o k in g  u te n s i l
b i la b ia l  nasal 
maen
male pe rso n
T a b le  3 .1  M in im a l p a ir  ana logy
S e c o n d ly ,  we can use the same ty p e  o f p s y c h o lo g ic a l /p e r c e p tu a l  
a rg u m e n ts  th a t  are p e rh a p s  th e  s t ro n g e s t  in l in g u is t ic s .  I t  j u s t  ca n n o t 
be  said t h a t  p ro s o d ic  fe a tu re s  d o  not possess  a p e rc e p tu a l  i d e n t i t y .  
Once we say th a t  th e y  e x is t ,  a nd  th a t  th e y  c o n ve y  m eaning, o r  he lp  to 
c o n v e y  m ean ing , we have  a ll  t h a t  is needed to  g a in  the a t te n t io n  o f
l i n g u is t i c  a n a lys is .
T h a t  completes the  c o u n te r - a r g u m e n t s  on the  forma, t re a tm e n t  of
p r o s o d y .
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P r o s o d ic  e f f e c t s  as r e a l i s a t i o n s  o f  S ig n
We now d e a l w ith  the  second t y p e  o f a rg u m e n t ,  on th e  s u b s ta n t ia !  
t re a tm e n t  o f  p r o s o d y .  A b e r c r o m b ie  ( 1967, P89) id e n t i f ie s  th r e e  sets of 
com ponents  in  speech
a. seg m e n ta l fe a tu re s
b .  v o ic e  d ynam ic  fe a tu re s
c .  v o ic e  q u a l i t y  fe a tu re s
T h e  segm enta l fe a tu r e  com ponent has  a lready  b e e n  d e a l t  w i th .  T o  
ta k e  the  o t h e r  two com ponen ts  -  A r e  th e y ,  as re a l is a t io n s ,  e lem ents of 
th e  la n g u a g e  code? It w ou ld  b e  a s u f f ic ie n t  p r o o f  h e re  to show 
c o n fo rm a n c e  to H o cke t 's  D e s ig n  F e a tu re s  o f  L a n g u a g e . T o  th a t  p o in t  we 
can take  t h e  fe a tu re  o f  a r b i t r a r in e s s  to be  the most im p o r ta n t  of the  
d e s ig n  f e a t u r e s  o f lang u a g e  (H o c k e t  1958; again 1960; H ocke t and 
A l tm a n n  1968; L y o n s  1977. sec t ion  3 . 4 ) .  C oncom itan t w ith  a r b i t r a r in e s s  
is  the  n e c e s s i ty  fo r  p ro s o d ic  fe a tu re s  to  be  v o lu n t a r y  e f fe c ts .  A t  the 
expense  o f  a fu l l  d is c u s s io n  o f  the n a tu r e  of th e  l in g u is t i c  s ig n ,  it 
s u f f ic e s  t o  show m ere ly  th a t  th e r e  are  p ro s o d ic  fe a tu r e s ,  a nd  th a t  they  
a re  a r b i t r a r y .  I t  is n o t  a t r i v i a l  p ro p o s i t io n ;  one o f  the c e n t r a l  tenets  
o f  m o dern  l in g u is t ic s  is  the  a r b i t r a r in e s s  o f the  l i n g u is t ic  s ig n .  I t  is 
n o t  the  in t e n t  o f th is  w o rk  to  d e r iv e  s t r u c tu r a l is m ,  n o r  to  d iscu ss  
se m io t ics ,  ye t  it is o b v io u s  th a t  much o f  the  a co u s t ic  raw m a te r ia l  used 
in  p r o s o d y  cou ld  be in t e r p r e t e d  as b e in g  in v o lu n t a r y  e v e n ts .  T h is  is 
s o m e th in g  th a t  needs c la r i f i c a t io n  b e fo r e  p ro c e e d in g .  T w o  approaches 
a re  s ta n d a r d  a rg u m e n t schemata at t h i s  p o in t .  We can  p re s e n t  e v id e n ce  
on  c ro s s - la n g u a g e  phenom ena as u n i v e r s a l  o f form  (as  in V a is s ie re  
1DQn i i n v i t e  c r i t i c is m  th a t  any u n iv e r s a l  is m ore  l i k e ly  due to
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p h y s io lo g ic a l ,  r a t h e r  th a n  p h i lo lo g ic a l  c o n s t r a in t s .  O r we can show th a t  
th e  fe a tu r e s  o f in te re s t  can  be  u n d e r  v o lu n t a r y  c o n t r o l ,  at least some 
o f  th e  t ime. T h e  second a p p ro a c h  is u s e d ,  i f  o n ly  fo r  the  simple 
reason  th a t  th e  search f o r  language  u n i v e r s a l  is o f te n  c o s t ly  in e f f o r t
and less th a n  d ec is ive  in  c o n c lu s io n .
A r b i t r a r i n e s s  is d e p e n d e n t  on the  fre e d o m  o f cho ice  in se le c t in g  
th e  re a l is a t io n  of a l i n g u is t i c  s ig n .  (A sneeze , fo r  exam ple , canno t be  
a c a n d id a te  fo r  b e in g  c o n s id e re d  as he re a l is a t io n  o f a l in g u is t ic  s ig n .  
We h a ve  no c o n t r o l  o v e r  th e  o b s e rv a b le  b e h a v io u r  all o f  the  t ime, so it 
c a n n o t  s ig n a l  i n t e n t io n a l i t y , hence , n o r  m e a n in g .  T o  take  the 
p e rc e iv e d  e f fe c ts  as an e xa m p le ,  we can sep a ra te  ou t leve ls  of f reedom  
in  w h a t  is p ro d u c e d  b y  th e  sp e a ke r :
1. T h e  p h y s io lo g ic a l se t o f  hum an speech o rg a n s .  O v e r  the  u n iv e r s e  
o f  a c o u s t ic  e v e n ts ,  th e re  is  a s u b -s e t  th a t  c a n  be p ro d u c e d  b y  p e o p le .  
T h is  fo rm s  an e f fe c t iv e  o u t e r  b o u n d  on sp e e ch .  W ith in  these b o u n d s  
t h e r e  are a cous t ic  fe a tu re s  th a t  are  p h y s io lo g ic a l ly  d e te rm in e d  and th o s e  
th a t  are v o lu n t a r y .  L ie b e rm a n  ( 1967) h o ld s  an ex trem e  p o s i t io n  in th a t  
th e  p h y s io lo g ic a l  mechanisms in v o lv e d  in  r e s p i r a t io n  d e te rm in e  the p i t c h  
c o n to u r  o f  the  b r e a t h - g r o u p  almost c o m p le te ly .  In  e f f e c t ,  th is  
v o l u n t a r y / i n v o l u n t a r y  d is t in c t io n  is co l lapsed  in on i t s e l f  fo r  in to n a t io n ,  
le a v in g  l i t t l e  cho ice  in  how  FO is p ro d u c e d .  T h e  c o n to u r  in q u e s t io n  
t h a t  r e s u l t s  from  o u r  p h y s io lo g y  is a r i s e - f a l l ,  p e a k in g  at the  n u c le u s .  
T h i s  is T u n e  I o f the  B r i t i s h  schools  (d is c u s s e d  in sec tion  2 . 3 ) .  and 
th e  u b iq u i to u s  'u n m a rk e d '  c o n to u r  of many o th e r  ap p ro a ch e s . T h e  
■ m a rke d '  c o n to u r  in th i s  v e r y  s imple system is  the r i s in g  tail on the  
b a s ic  c o n to u r  -  T u n e  I I .  T h e  re a s o n in g  b e h in d  L ie b e rm a n 's  a n a ly s is  is
th e  t m m m e n d a b lv ) d i r e c t  re la t io n
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norm al b re a th  mechanism
v s .
increase in  r e s p i r a t o r y  a c t i v i t y  to w a rd s  e nd  o f  b r e a t h - g r o u p ,  
i n c r e a s in g  a i r  v e lo c i ty  t h r o u g h  the la r y n x . r a . s . n g  FO
,h ic h  is said to  s ig n a l  the  tw o  la n g u a g e  c o n t r a s ts :
( th e
sta tem ent
n o rm a l,  so -c a l le d  se m a n t ica l ly  'unm arked*  speech u t te ra n c e )
V  s •
n o n -s ta te m e n t
(e q u a te d  w i t h  th e  q u e s t io n ,  the  o n ty  o th e r  P ° '  
lan g u a g e  allowed u n d e r  th is  a n a ly s is ,  see A u s t i n  (196^1 
fo r  a f u l l e r  p i c t u r e  o f la nguage)
and
end o f  r e s p i r a t o r y  a c t i v i t y  (e q u a te d  w ith  end  o f  c lause)
l /s .
( s ig n a l l in g  o f)  c o n t in u in g  o f  r e s p i r a t o r y  a c t i v i t y .
3 .U  T h e  S y s t e m i c  s c h o o l  o n  i n t o n a t i o n
One o f the s t r o n g e s t  th e o re t ic a l  p o s i t io n s  on in to n a t io n  was ta ke n  b y  
H alii day (1961. 1963. 1967).  T h is  p la ce s  th e  in to n a t io n  system as 
e x h ib i t i n g  th e  d i s t i n g u i s h in g  fe a tu re s  o f g ra m m a r:  th e  p o s s ib i l i t y  of 
d is c re te  and e x h a u s t iv e  a n a ly s is  o f u t t e r a n c e .  A s  s u c h ,  it becomes 
l iab le  to  the f u l l  (H a l l id a y a n )  a n a ly s is .  It  is p o s tu la te d  tha t speech
be (1967 p 2 ) :
. . . c o n n e c te d  speech  can . . .  « han= l y “ ,dchi n “ tec "s f ro m  
u n b ro k e n  s u cce ss io n  o f  to n e - g r o u p s  each, J  r e g a r d e d
one o r  o t h e r  of f i v e  tones  . . .  the  se lec t ion  can j
as d is c r e te  on b o th  axes , b o th  s y n ta g m a t ic a l ly .  and 
n a ra d ic im a t ic a l ly
can
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( T h is  ba s ic  a ssu m p t io n  has been f i e r c e ly  c r i t i c is e d  b y  C ry s ta l  ( 1969b). 
in  th a t  ' th e  d is c r e te n e s s  m u st end som ew here '.  It  is  my op in io n  tha t 
t h i s  c r i t i c is m  r e s u l t s  f ro m  a c o n fu s io n  o v e r  w hat a g ram m ar is . T o  ho ld  
3 l in g u is t ic  t h e o r y  w h ic h  s ta tes  th a t  speech is a sequence o f d is c re te  
u n i t s  -  o f a n y t h i n g  -  is  o b v io u s ly  fa ls e :  th is  am ounts  to ask in g  a 
d e s c r ip t io n  o f com pe tence  to account f o r  p e r fo rm a n c e .  Q u ite  c le a r ly ,  a 
g ra m m a r has ju r i s d i c t i o n  o v e r  m a t te rs  o f sys tem , com petence and is 
c o n s t r u c te d  o v e r  d is c r e te ,  a r b i t r a r y  u n i t s .  How a speaker p e rfo rm s  in 
re a l is in g  th a t  com pe tence  is a n o th e r  q u e s t io n  -  a q u e s t io n  more of 
p h o n e t ic s ,  even  o f  soc io logy  o r  p h y s io lo g y ,  th a n  l in g u is t ic s .  T h e  
g r o u n d s  on w h ic h  we can re je c t  a g ra m m a r ,  o r  th e o r y  th a t  leads to th a t  
g ra m m a r ,  a re  t h a t  it does no t ass is t  in  a c c o u n t in g  fo r  b e h a v io u r ,  not 
t h a t  it ca n n o t  d e s c r ib e  th a t  b e h a v io u r .  A t  th is  p o in t  o f H a l l id a y 's
th e o r y  the  v e r d i c t  can  on ly  be 'n o t  p r o v e n ' . )
In to n a t io n  is p re s e n te d  as a s y s te m ; a label th a t  emphasises the 
r e la t io n a l ,  n e tw o rk  aspects  o f la n g u a g e .  In th is  a n a lys is  th e re  are fo u r  
u n i t s  fo rm in g  a ta xo n o m ic  h ie r a r c h y :  each low er u n i t  o p e ra t in g  as an 
e lem ent o f the  s t r u c t u r e  of a 'h ig h e r '  u n i t .  R h y th m  is the  o p e ra t io n  of 
s y l la b le s  as e lem ents  o f foo t s t r u c t u r e  w i th in  the  t o n e - g r o u p .
O th e r  le v e ls  o f  se lec t ion  c o n c e rn  the decom pos it ion  o f c o n t in u o u s  
u t te r a n c e  in to  t o n e - g r o u p s  ( t o n a l i t y ) ;  and the  se lec t ion  o f to n ic  s y l la b ic  
u n i t s  w i th in  an u t te ra n c e  ( t o n i c i t y ) .  I t  is d i f f i c u l t  to d is e n ta n g le  an 
e x p l i c i t  s ta tem en t o f s u p ra se g m e n ta l  p h o n o lo g y  fro m  th is  ge n e ra l th e o ry  
o f  la nguage , th e  s ys te m ic  school o f  l in g u is t ic s ;  an d  even more d i f f i c u l t  
to  e f fe c t  c r i t i c is m  o f  such p h o n o lo g y .  Q ues t ions  on how much 
in to n a t io n  ( a n d  p ro s o d ic )  phenom ena can be  t r e a te d  as gram m atica l 
o b je c ts  are more p e r t in e n t  h e re  th a n .  say. w ith  th e  c o n s t r u c t io n  o f  a 
s t r u c t u r a l  p h o n o ta c t ic s  (as  Lamb 1 966).  T h e r e  is  l i t t le  p o in t  in d e n y in g  
t h a t  in to n a t io n  p a t t e r n s  are  no t id e a l  language  ' i tem s ';  in  speech th e y
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are: less d is c r e te ,  b o t h  fo rm a l ly  and s e m a n t ic a l ly ;  less f in i t e  (as  in the 
o p p o s it io n  to L E X IS ) ;  and fa r  more d i f f i c u l t  to  i d e n t i f y ,  w h e th e r  b y  
p e rc e p tu a l  p rocesses  o r  b y  in s t ru m e n ta l  a n a ly s is .
H o w e v e r ,  it is m is le a d in g  to base a c r i t i q u e  of H a l l id a y 's  w o rk  on 
such  comments ( C r y s t a l  1969b. 3 9 1 ) .  D e l ic a c y  is  one o f  the scales of 
a n a ly s is  th a t  in t e r r e la t e s  the  c a te g o r ie s  o f  t h e o r y :  an increase  m  
d e l ica cy  is a re f in e m e n t  in the  de ta i l  of d e s c r ip t io n .  T h e  in t r o d u c t io n  
to  H a l l id a y 's  In to n a t io n  end  G ram m ar in  B r i t is h  E n g lis h  (1967) r e g a r d s  
l in g u is t ic s  as b e in g  a p o s i t io n  a long  a m o re / le s s  d i n e ,  r a th e r  th a n  a 
y e s /n o  d ic h o to m y .  T h i s ,  and the  re m a rk s  above on com petence  v s .  
p e r fo rm a n c e ,  go m uch  o f  the  w ay in  m eet ing  th is  c r i t i c i s m .  T h e  
H a l l id a y a n  app roach  is  the  most se r io u s  a t te m p t at th e  e x p l ic i t  t re a tm e n t  
o f  p ro s o d y  from  w i t h i n  the la n g u a g e  's y s te m  o f sys tem s ',  and as such .
¡s the  most a t t r a c t i v e  o f  c u r r e n t  l i n g u is t ic  th e o r ie s .
3 .5  C a t e g o r i c a l  p e r c e p t i o n  o f  i n t o n a t i o n
H a l l id a y 's  s ta te m e n ts  on  in to n a t io n  w ere  based on a u d i t o r y  
im p re s s io n s .  H o w e v e r ,  b e fo r e  .h e y  a re  u se d  in au tom atic  a n a ly s is ,  « .  
r e q u i r e  e x p e r im e n ta l  ju s t i f i c a t io n  fo r  b o t h  th e  h y p o th e s is e d  p h o n e m e  
n a tu r e  o f In to n a t io n  and f o r  th e  n u m b e r  and s ta ted  p h o n e t ic  re a l is a t io n  
o f  th e  in to n a t io n  t y p e s .  T h i s  sec t ion  a d d re s s e s  th o s e  q u e s t io n s  fo r  the 
in to n a t io n  o f  to n ic  s y l la b le s .  T h e  m ethod used  h e re  Is the  p a ra d ig m  of 
c a te g o r ic a l  p e r c e p t io n .  I t  I» fo u n d  th a t  f o r  the e x p e r im e n ts  d e s c r ib e d  
in  th i s  sec t io n , c a te g o r ic a l  p e r c e p t io n  is  a s a t i s fa c to ry  way o f  
e x p la in in g  th e  c o r r e la t io n  o f  r e s u l t ,  o f d is c r im in a t io n  and Id e n t i f ic a t io n  
e x p e r im e n ts  on s y n th e s is e d  s y l la b le s  w i th  a v a r ie ty  o f  TO c o n to u r s .  
D e ta i ls  o f  th e  e x p e r im e n ts  a nd  a f u l l  d is c u s s io n  are  g iv e n  in  A i
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and L in d s a y  (1 9 8 4 ) .  T h e  re s u l ts  s u p p o r t  the  p h o nem ic  s ta tu s  of a 
sm all,  f in i t e  set of in to n a t io n  c o n to u r s  -  in  p a r t i c u l a r ,  H a l l id a y 's  f ive  
p r im a r y  to n e s .  A ls o ,  th e y  show s t r o n g  agreem en t w ith  the 
h y p o th e s is e d  p h o n e t ic  fo rm s  o f  those tones.
C a t e g o r i c a l  p e r c e p t i o n
E x p e r im e n ts  on th e  d is c r im in a b i l i t y  of p a i r s  o f s t im uli a long some 
c o n t in u o u s  p h y s ic a l  c o n t in u a  su g g e s t  th a t  s t im u l i  can on ly  be 
d is c r im in a te d  when th e y  can he  id e n t i f ie d  as b e in g  d i f f e r e n t .  T h is  is 
r e f e r r e d  to as c a te g o r ic a l  p e rc e p t io n  (M a cm il la n  1979; S tu d d e r t - K e n n e d y  
1970; L ib e rm a n  e t a l.  1961; L ib e rm a n  e t a l.  1 9 5 7 ) .  I t  c o n t ra s ts  w ith  
th e  c lass ica l p s y c h o p h y s ic a l  n o t io n  of c o n t in u o u s  p e rc e p t io n  where  the 
p ro c e s s  o f  d is c r im in a t io n  th r o u g h o u t  a p h y s ic a l  c o n t in u u m  is he ld  to be 
in d e p e n d e n t  of the p ro c e s s  o f  id e n t i f ic a t io n  ( M i l le r  1956). For a g iv e n  
c o n t in u u m  o f s t im u l i ,  c o n t in u o u s  p e rc e p t io n  r e s u l t s  in  (p o s s ib ly )  many 
more d is c r im in a t io n s  th a n  id e n t i f ic a t io n s ;  c a te g o r ic a l  p e rc e p t io n  re s u l ts  
in  ju s t  as many d is c r im in a t io n s  as the n u m b e r  o f p a i r s  th a t  can be 
id e n t i f ie d  as b e in g  d i f f e r e n t .
O ne e x p la n a t io n  o f c a te g o r ic a l  p e r c e p t io n  ca l ls  In to  b e in g  a 
mechanism o f p e r c e p t io n  th a t  assumes id e n t i f i c a t io n ,  o r  c la s s i f ic a t io n ,  a ,  
b a s ic :  a su b ie c t  d is c r im in a te s  on the  b a s is  o f  c la s s i f ic a t io n .  H o w e ve r ,  
t h a t  fa i ls  lo  e x p la in  th e  p re s e n c e  o f pea ks  in  a d is c r im in a t io n  fu n c t io n  
a , ( u n n a t u r a l )  c a te g o r y  b o u n d a r ie s  b e fo r e  s u b |e c .s  are a cqua in ted  . i t h  
th e  r e le v a n t  c a te g o r ie s  ( M i l le r  e t  o f .  « 6 0 ;  C u t t i n g  and R osner 197a). 
T h ose  r e s u l t s  cah be  e x p la in e d  b y  r . ( e c t i n g  th e  assum ption  th a t  the 
a u d i to r y  system  m ust a lw ays  b e h a ve  l i n e a r l y :  re g io n s  o f n a tu r a l  
s e n s i t i v i t y  a long some s t im u lu s  c o n t in u a  may e x is t  b e fo re  le a rn in g
^  Rrtcner 1979; Rosen and Howell 1981)
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F o r  n a tu r a l ,  s p e e c h - l ik e  s t im uli c a te g o r ic a l  p e rc e p t io n  has been  
r e f e r r e d  to as the  'phonem e b o u n d a ry  e f f e c t '  (Wood 197 6 ) .  T he  in i t ia l  
c la im was th a t  c a te g o r ic a l  p e rc e p t io n  is s p e e c h -s p e c i f ic  (L ib e rm a n  1957); 
t h i s  rem ains  a m a t te r  of c o n t r o v e r s y ,  b u t  the  e x is te n c e  o f c a te g o r ic a l  
p e rc e p t io n  o v e r  a ra n g e  o f  s t im u li s u p p o r t s  a claim o f n a tu r a l  c la sses .
S y n t h e s i s  o f  H a l l i d a y ' s  'T o n e s  o f  E n g l i s h '
T h e  s y n th e t ic  s t im u l i  used in  the  d is c r im in a t io n  and id e n t i f ic a t io n  
e x p e r im e n ts  w ere  p r o d u c e d  b y  a s y n t h e s i s - b y - r u le  system  (A in s w o
197 4 ) .  J u s t  as v a r y i n g  tw o  p a ra m e te rs  d u r i n g  the  s y n th e s is  o f vow e ls  
can e f fe c t i v e ly  map out a n a tu r a l  tw o - fo r m a n t  vow el space (P a l iw a l .  
L in d s a y  and A in s w o r th  1 9 82).  it  was fo u n d  th a t  v a r y i n g  two p a ra m e te rs  
is  s u f f ic ie n t  to c re a te  a ca n n o n ic a l  in to n a t io n  s t im u l i  space fo r  in to n a t io n  
c o n ta in in g  the  f iv e  p r i m a r y  tones. T h e  p a ra m e te rs  c o n t r o l  the  va lu e  of 
FO fo r  th e  mid (H E A D ) a nd  end ( T A I L )  p o in ts  o f  th e  in to n a t io n  c o n to u r  
f o r  the  c a r r i e r  s y l la b le  ' y e s ' .  T h e  s t im u lu s  is a p la u s ib le - s o u n d in g  
w o rd  w ith  FO in  the  r e le v a n t  re g io n  s t a r t i n g  at 150Hz; the  v a r ia b le  FOs 
ra n g e d  b e tw e e n  50Hz a n d  215Hz and th e  jo in in g  c o n to u r  was l in e a r ly  
in te r p o la te d .  I t  was e x p e c te d  th a t  th e  FO c o n to u r  f o r  the  f iv e  tones
w o u ld  be
1. r i s in g
2. fa l l i n g
3 . lo w - r is in g
4 .  f a l l - r i s e
5 . r i s e - fa l l
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T r i a l  l i s te n in g  te s ts  c o n f i rm e d  th a t  the re le v a n t  c o n to u r s  were p e rc e iv e d  
as the e x p e c te d  a u d i t o r y  g e s tu r e  (a sso c ia te d  w ith  the  la b e ls  g iv e n
b e lo w ) .
D i s c r i m i n a t i o n  e x p e r i m e n t s
T h e  f i r s t  s tage in  d e te r m in in g  c a te g o r ic a l  p e rc e p t io n  is  to  measure the  
d is c r im in a b i l i t y  o f p h y s ic a l ly  c lose  p a i r s  o f  s t im uli ta k e n  from  the  
s t im u lu s  space. F o r  c a te g o r ic a l  p e r c e p t io n  we expec t a d i f f e r in g  
d is c r im in a b i l i t y  fo r  s t im u l i  p a i r s  w i th  th e  same acous t ic  se p a ra t ion  
a c ross  the p h y s ic a l  ra n g e .  A n  A X  p a ra d ig m  was use d  w here  the  
su b je c t  was asked  to ju d g e  s t im u l i  p a i r s  as 'same' o r  ' d i f f e r e n t ' .  N ine  
s u b je c ts  p a r t i c ip a te d .  T h e  s u b je c ts  w ere  p re s e n te d  w i th  ten re p e t i t io n s  
o f  ten  sets o f  ten  p a i r s  of s t im u l i  c o v e r in g  the  two p a ra m e te r  space 
d e s c r ib e d  above .
T h e  r e s u l t s  fo r  f i v e  o f  th e  sets o f  s t im u li p a i r s  a re  g iv e n  in 
f i g u r e  3 .1 .  T h e s e  are  fo r  f i x e d  T A I L  p a ra m e te rs ;  tw o  re g io n s  of h ig h  
d is c r im in a b i l i t y  are a p p a re n t  i r r e s p e c t i v e  of the  T A I L  v a lu e .  T h e  
d is c r im in a t io n  fu n c t io n  o b ta in e d  in  th is  way can be  com p a re d  w ith  a 
p r e d ic te d  d is c r im in a t io n  fu n c t io n  es tim ated  from  id e n t i f i c a t io n  
p e r fo rm a n c e .
I d e n t i f i c a t i o n  e x p e r i m e n t s
T w o  s u b je c ts  » h o  w e re  a c q u a in te d  « i l h  In to n a t io n  t h e o r y  » . r e  used to 
p r o v id e  an es tim ate  o f  th e  id e n t i f i c a t io n  fu n c t io n ;  th e y  were p re s e n te d  
» i t h  60 s t im u l i  te n  t im es in  ra n d o m  o r d e r ,  c o v e r in g  th e  s t im u lus  space. 
T h e  task o f  th e  e x p e r im e n t  »a s  to  c la s s i fy  each s t im u l i  as one o f  f iv e  
______.¡m f u n r i i n n s  labe l led  on s w i tc h b o x e s  as
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1. s ta tem ent
2. q u e s t io n
3 . weak s ta tem ent
4 .  re s e r v a t io n
5. em p h a t ic  s ta tem ent
T h e  r e s u l ts  w ere  g a th e r e d  and ana lysed  b y  an e x te n s io n  to th e  
s y n t h e s i s - b y - r u le  system  d e s c r ib e d  above. T h e y  showed c o n s is te n t  
responses  w i th  l i t t le  d i f fe r e n c e  be tw een  th e  two s u b je c ts .  T h e  
s w i tc h b o x  responses  fo rm e d  w e l l -d e f in e d  areas in the  tw o  p a ra m e te r  
H E A D - T A IL  p la n e .  When the  c e n t r o id s  o f these  areas were c a lc u la te d  
and c o n to u r s  c o n s t r u c te d  from  these v a lu e s ,  the  re s u l t in g  FO p a t te rn s  
c lose ly  resem ble  the  im p re s s io n is t ic  d e s c r ip t io n s  g iv e n  b y  H a l l id a y .  
F ig u re s  3 .3  to  3 .7  show the  re le v a n t  re g io n ,  the last 200ms. o f  these 
c o n s t r u c te d  c o n to u r s  in  the  fo rm a t  used b y  the c o m p u te r  a n a ly s is  
p ro g ra m  d e s c r ib e d  la t e r .
T h e  c a t e g o r i c a l  p e r c e p t i o n  o f  i n t o n a t i o n
In  o r d e r  to show the  c a te g o r ic a l  p e rc e p t io n  of in to n a t io n  fo r  to n ic  
s y l la b le s  we m ust d e m o n s t ra te  a p o s i t iv e  c o r r e la t io n  b e tw e e n  the 
o b ta in e d  d is c r im in a t io n  p e r fo rm a n c e  and th e  d is c r im in a t io n  fu n c t io n  
p re d ic te d  from  the id e n t i f i c a t io n  e x p e r im e n t .  T h e  p r e d ic t io n  fo rm u la  
used in  c a lc u la t in g  th e  p r e d ic te d  d is c r im in a t io n  is d iscu sse d  in 
A in s w o r th  and L in d s a y  (1 9 8 4 ) ;  it p r e d ic t s  d is c r im in a t io n  on the  ba s is  of 
id e n t i f i a b i l i t y .  e s s e n t ia l ly  th a t  a p a i r  o f s t im u l i  can o n ly  be 
d is c r im in a te d  when th e y  s t r a d d le  a p h o n e m ic  c a te g o r y .  A 
re p r e s e n ta t iv e  exam ple  o f th e  c o r re la t io n  b e tw e e n  o b ta ined  and 
p re d ic te d  d is c r im in a t io n  is show n in f i g u r e  3 .8  w h ic h  is fo r  f ix e d  HEAD
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and v a r y i n g  T A I L  p a ra m e te r .  I t  a c c o rd s  w ell w i th  the  c r i t e r i a  fo r  
c a te g o r ic a l  p e rc e p t io n  fo rm u la te d  b y  R osen and H owell (1981)
1. a s h a rp  c a te g o r is a t io n  f u n c t io n
2 . a peak in  the  d is c r im in a t io n  f u n c t io n  at the  c a te g o r y  b o u n d a r y
3 . . r o u g h s  in  the  c a te g o r is a t io n  fu n c t io n  w i th in  c a te g o r ie s
On th i s  b a s is  we can c o n c lu d e  t h a t  in to n a t io n  fo r  to n ic  s y l la b le s  is 
p e rc e iv e d  c a te g o r ic a l ly ,  th a t  is .  i t  h as  s im ila r  phonem ic  p r o p e r t ie s  to 
th e  more re a d i ly  accepted  seg m e n ta i p h o n e m e s .  A ls o ,  th e  r e s u l t s  show 
t h a t  H a l l id a y 's  o r ig in a l  p ro n o u n c e m e n ts  on the  n u m b e r  o f p r i m a r y  tones 
an d  t h e i r  p h o n e t ic  re a l is a t io n  w e re  a c c u ra te .
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TIME t 0 - 01S )
XAXI S : SCALE RS PRINTED-  
TAX1S : SCALE :  Y * n o  «»-2)
F ig u r e  3 .7  C o n s tru c te d  co n to u r: tone 5
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3 . 6  I n t o n a t i o n  m o d e ls  f o r  a u to m a t ic  a n a ly s i s
T h e  d iscu ss io n  on the c a te g o r ic a l  p e rc e p t io n  of in to n a t io n  agrees 
w i t h  t r a d i t io n a l  l i n g u is t ic  th e o r y ;  also. « .  h a v e  es ta b l ish e d  th e  use of 
n u c le a r  tone t y p e .  »» p h o n e m ic  re fe re n c e  te m p la tes ,  b o th  in  the  num b e r 
a n d  p h o n e t ic  fo rm  e x p e c te d .  F o r  th e  o n ly  o b l ig a to r y  e lem ent of the 
to n e  g r o u p ,  th e  n u c le u s ,  th e re  is a f i v e - w a y  c la s s i f ic a t io n  w h ich  is the  
b a s is  o f any in to n a t io n  a n a V s is .  au tom atic  o r o th e rw is e .  T h is  e x c lu d e s  
th e  two re m a in in g  com pound  p r im a ry  tones o f  H o l l id a y 's  schema, the 13 
a n d  the  53. w h ic h  are m ere ly  co l lo ca t ions  o f tw o  s imple p r im a r y  tones 
w i t h ,  h o w e v e r ,  the s t a t u ,  of b e in g  in c lu d e d  in  the f i r s t  a n a ly s is  s tage . 
A ls o  e x c lu d e d  is the  n e x t  a n a lys is  s tage  c o n c e rn in g  se c o n d a ry  tones, 
t h i s  b e in g  a more d e l ic a te  a n a lys is  w h ich  Is con ce rn e d  w i th  the 
re a l is a t io n s  of th e  p r i m a r y  tones. T h is  s h o u ld  be h a n d le d  h y  the 
t ra n s fo rm a t io n a l  com ponent o f the a cous t ic  tem p la te  m a tc h e r .  T h is  f i v e  
to n e  model i ,  d i r e c t l y  a p p licab le  to  au tom atic  to n ic  s y l la b le  a n a lys is ,  
w h e re  the  te s t  u t te r a n c e  is  g iv e n  to be  ,  b a s ic  sy l lab le  a n d  the  ana lys is  
is  re d u ce d  to  c la s s i f ic a t io n .  T h e  d e ta i ls  o f such  an e x p e r im e n t  are
g iv e n  in sec t ion  6 .3 .
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THE SDA SYSTEM
IM P LE M E N T A T IO N  AN D  IN T O N A T IO N  R U LE T R A N S L A T O R
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4 . 1  I m p le m e n t a t io n  la n g u a g e  a n d  m a c h in e
T h e  co m p u te r  p ro g ra m s  c o m p r is in g  SDA are im p lem en ta t ions  o f the  
a b s t r a c t  system d is c u s s e d  in t h i s  th e s is .  T h e  e x e c u ta b le  p ro g ra m s  act 
b o th  as a p re c is e  d e f in i t io n s  o f  the system and as a w o rk in g  re a l is a t io n .  
H is to r ic a l ly ,  th e  deve lopm en t o f  b o th  system and im p lem enta tion  ran  
p a ra l le l  th r o u g h o u t  the  l i fe  o f  the  p ro je c t .  T w o  d e s ig n  fe a tu re s  in 
p a r t i c u l a r  u n d e rw e n t  th is  c ro s s -d e v e lo p m e n t :  these w e re  the de s ig n  of 
the g ram m ar language  ( th e  m etagram m ar) and the im p lem enta tion  o f  the  
c h o se n  ana lys is  s t r a t e g y .  It  was decided to des ign  and  implement a 
new system from  the  o u tse t  r a t h e r  than use some e x is t in g  sys tem , 
p e rh a p s  not e n t i r e l y  a p p r o p r ia te  or adegua te .  In f a c t ,  th e re  is l i t t le  in 
the way of com parab le  c o m p u te r  systems fo r  l i n g u is t ic  ru le  te s t in g  
to g e th e r  w ith  speech r e c o g n i t io n  at the acoustic  le v e l .  Many d is c re te  
ru le  systems e x is t  fo r  the  m a n ip u la t io n  o f te x tu a l  u n i t s  at the  le x ica l o r  
m o rp h o lo g ica l  leve l ;  h o w e v e r ,  th a t  re s u l ts  in  the co m p u te r  system 
m e re ly  p e r fo rm in g  at a sym bol m an ipu la t ion  leve l.  O n ly  the la rge  A R P A  
s ys te m s  achieved w ha t is aimed fo r  h e re ;  and it was commented at the  
t ime th a t  th e y  w ere  n o ta b ly  d e f ic ie n t  in the  ease w i th  wh ich  the 
s u b s ta n c e  o f the  k n o w le d g e  sou rce s  cou ld  be  a l te re d  (Lea 1980). For  
th a t  reason it is o f  in te re s t  to  g ive  d e ta i ls  o f th is  p a r t i c u la r  
im p lem enta tion  use d  fo r  th is  d is c u s s io n  b e fo r e  d e s c r ib in g  the  deta i l  of 
i ts  fu n c t io n .
T h e  h ig h - le v e l  p ro g ra m m in g  language Pascal was chosen fo r  the 
p ro g ra m m in g .  T h i s  cho ice  was made on se ve ra l  g r o u n d s :
1 .  T h e  lan g u a g e  had to be  able to hand le  c h a ra c te r  and s t r in g  
m an ipu la t ion
2 .  It  was r e q u i r e d  to  possess  p o w e r fu l  enough  log ica l c o n s t r u c ts  to
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re f le c t  com p l ica ted  c o n t r o l  s t r u c t u r e s
3. It had  to p e rm it  r e c u r s iv e  p ro c e d u r e  a c t iv a t io n  (m ore  p r e c i s e ly ,  it 
had to  be  a s ta c k -b a s e d  la n g u a g e )
4 . T h e re  was th e  need to ha ve  an eas ily  p o r ta b le  system
5. T h e r e  was th e  p ro b le m  o f  g e n e r a l - p u r p o s e  p a t t e r n  r e c o g n i t io n  
languages  ta k in g  too much time and space on the m ach ines  
avail ab le.
ISO ( le ve l  0) s ta n d a r d  P asca l (B S I 6219) was used t h r o u g h o u t ,  exce p t  
f o r  two fe a tu re s :
1. E x te r n a l  f i le  h a n d l in g  fo r  the  random  access s to ra g e  f o r  th e  
in te rm e d ia te  access is c o n t r o l le d  in a way th a t  is o p e r a t in g  system 
d e p e n d e n t ,  as w ith  most P a sca l im p lem enta tions
2. ISO level 1 (d y n a m ic  a r r a y s )  was used fo r  some a r r a y  o p e ra t io n s :  
c h a ra c te r  s t r in g s  and o p e ra t io n s  on a r r a y s  o f rea ls
T h e r e  are g e n e ra l  p u r p o s e  a r t i f i c i a l  in te l l ig e n c e  la n g u a g e s ,  
n o tab ly  P ro L o g  and L is p  , th a t  may have been ca n d id a te s  fo r  th e  
p re s e n t  ta s k .  P ro L o g  in p a r t i c u l a r  can hand le  r e w r i te  ru le s  to  some 
e x te n t .  T h e  d is a d v a n ta g e  is in  th e  g e n e ra l  n a tu r e  o f the  la n g u a g e  
where  all the mechanisms are  d e s ig n e d  to deal w ith  a v a r ie d  s e le c t io n  of 
ru le s  and o b je c ts ;  and th e  'p a r s in g '  o r  s e a rc h in g  o c c u rs  in a l in e a r  
fash ion  t h r o u g h  th e  se r ie s  o f  r e la t io n a l  ra m if ic a t io n s .  Of c o u r s e ,  these 
are h id d e n  from  th e  u s e r  o f  , sa y ,  P ro L o g ,  b u t  th e y  can be  s e v e re ly  
optim ised b y  d e s ig n in g  a spec ia l p u r p o s e  system to deal w ith  o n ly  one 
d a ta  ty p e  and one search  a lg o r i th m ,  as on the case o f the  d e s ig n  of the 
SDA system fo r  s t u d y in g  the  e f fe c ts  of c o n s t r a in in g  the  p ro c e s s  of
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template m a tch in g .  A ls o ,  fo r  th e  p re s e n t  w ork  it is necessa ry  to deal 
w ith  n o n - d is c r e te  p a t t e r n  m a tc h in g ,  and to some e x te n t  to be able to 
e x p l i c i t l y  c o n t r o l  any  b a c k - t r a c k in g  n e c e s s a ry .
T h e  SDA system can be  v ie w e d  as a s p e c ia l -p u rp o s e  language  
which is  i t s e l f  hos ted  in P asca l.  T h e  SDA system compares 
a d v a n ta g e o u s ly  w ith  the  lang u a g e s  m ent ioned  in tha t the SDA system 
e x is ts  as a co l lec t ion  o f Pascal r o u t in e s  d e s ig n e d  sp e c i f ic a l ly  f o r  the 
ta sk .
4 .2  S D A  im p le m e n t a t io n  d e t a i l s
T h e  Pascal used is OMSI P a sca l-2  (o p t im is in g )  and is r u n  b y  a 
DEC L S I - 1 1 /23  w ith  256K b y te s  o f  memory u s in g  the DEC o p e ra t in g  
system R T 1 1 -X M . T h e  language  s ta n d a r d  was adhered  to s ince  th e re  
was l i t t l e  need to e x te n d  the  e x is t in g  c o n s t r u c ts ;  th is  p o l ic y  he lp e d  in 
p r o d u c in g  a re la t iv e ly  p o r ta b le  p r o g r a m .  T h e  suite  o f  SDA ro u t in e s  
c o n s is t  o f a p p ro x im a te ly  3000 l ines  o f sou rce  code and compile , a f te r  
o p t im is a t io n ,  in to  a to ta l o f about a 200K b y te s  memory re q u i re m e n t  fo r  
the  p r o g r a m s .
T h e  dec is ion  to use Pasca l is la r g e ly  v in d ic a te d  b y  a com par ison  
w ith  o th e r  re la te d  sys tem s. F r ie d m a n 's  (1976) system to g e n e ra te  
language  s t r in g s  from an A s p e c fs - t y p e  g ram m ar compiled from  about 
1 0000 l ines  o f F o r t r a n  to 300K b y te s  o f memory re q u i re m e n t .  It  
s y n th e s is e s  o n ly ,  and deals  w i th  on ly  d is c re te  u n i t s .  T h e  H a r p y  
system  needed 10 h o u rs  o f r u n n i n g  time on a p o w e r fu l  c o m p u te r  ( IB M  
360) to  c o n s t r u c t  i ts  n e tw o rk  from  the  language ru le s  p re s e n te d  to i t .  
The c u r r e n t  SDA system can com pile  and l ink  ru les  at ra te  o f  about one 
per se co n d .
T h e  SDA system p ro g ra m s  are b o th  su ites  of ro u t in e s  w h ich
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com prise th e  ru le  i n t e r p r e t e r  and th e  p a r s e r ,  to g e th e r  w i th  data  
re p re s e n ta t io n s  o f the  n e tw o rk  NODE and the p ro s o d ic  fe a tu re  v e c t o r  
s t r in g  P F V S .  T h e  r i g o r o u s  d e f in i t io n  o f  the SDA system is g iv e n  b y  
the  Pascal code g iv e n  in  a p p e n d ix  A 4  f o r  the ru le  t r a n s la to r  and 
a p p e n d ix  A 5 fo r  the  a n a ly s e r .  F o r  t h i s  source  code th e re  are m any 
lex ica l re fe re n c e s  to v a r io u s  s u p p o r t  r o u t in e s .  T h e i r  p re c is e  o p e ra t io n  
is  u n im p o r ta n t  and so o n ly  t h e i r  f u n c t io n  is g iv e n  h e re .  T h e  main 
ro u t in e s  a re :
gram m ar tran sta to r
ro u tin e a ction
p ro c e d u re  S r i  
p ro c e d u re  C e tn e x tc h a r  
p ro c e d u re  S k ip  
p ro c e d u re  S k ip U n t i l  
p ro c e d u re  C e tS tr  
p ro c e d u re  GetReal 
p ro c e d u re  G e t ln t  
p ro c e d u re  R ule 
fu n c t io n  Symeq 
p ro c e d u re  Sym 
p ro c e d u re  Term  
p ro c e d u re  Seq 
p ro c e d u re  Rh 
fu n c t io n  Cs
p ro c e d u re  L h  
p ro c e d u re  L in k
t r a n s la te s  gram m ar
w o rk  th r o u g h  b u f f e r
b u f f e r  an a lys is
b u f f e r  an a lys is
a n a lyse  b u f f e r  in to  id e n t i f ie r
a n a lyse  b u f f e r  in to  rea l num b e r
a n a ly s e  b u f f e r  in to  in te g e r
a n a lyse  b u f f e r  in to  s y n ta x  ru le
c h e c k  n e x t  symbol in b u f f e r
g e t  n e x t  symbol in b u f f e r
an a lyse  b u f f e r  in to  te rm in a l  s ym b o l
a n a lyse  b u f f e r  in to  n o n - te rm in a l  ru le
a n a ly s e  b u f f e r  in to  ru le  p a r t
a n a lyse  b u f f e r  in to  c o n te x t
s e n s i t iv e  p a r t
a n a ly s e  b u f f e r  in to  ru le  p a r t  
c re a te  n e tw o rk
a n a ly s e r
ro u tin e  a ction
p ro c e d u re  D o  te m p la te  t ra n s fo rm a t io n  t  m a tc h in g
p ro c e d u re  T s h  te r m in a l  symbol a n a lys is
p ro c e d u re  A n a ly s i s  la n g u a g e  a n a lys is  ro u t in e
p ro c e d u re  P a rs e  p a r s e r
T h e s e  make up  th e  co re  o f SDA and th e y  share  a common set of 
Pascal r o u t in e s  th a t  in i t ia l is e  and access the v a r io u s  da ta  c o n s t r u c t s  
in v o lv e d ,  e f fe c t i v e ly  fo r m in g  an e n v iro n m e n t  fo r  the  co re  r o u t in e s  
p r o p e r .  T h e  s u p p o r t  r o u t in e s  a re  show n h e re  d is p la y in g  th e i r  s ta t ic
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nest ing  w i t h i n  the  p r o g r a m ,  th e y  are no t o f  g re a t  in te re s t  in them selves 
and g iv e n  h e r e  on ly  in  name, w h ich  sh o u ld  be e x p la n a to r y :
s t r in g  h a n d lin g
Len Clear M a k e s t r in g
C onca tena te C a tC h a r C a tl  0
S e a rc h R e a d s t r in g W r i te s t r in g
S u b s t r i n g Delete In s e r t
W r S t r in g S k ip C h a rs In s e r t
C a tC h a r W rS t r in g S k ip C h a rs
n e tw o rk  da ta  a rea  ro u t in e s
S to re A SetA GetA
P u tA GetA P u tA
J u n k A OkA NewA
S to re A SetA B A reaO
A A  reaO J u n k C O kC
NewC S to re C CA reaO
C e tC P u tC SetC
W rC N ode W rs ta tu s W rS o r t
W rA N ode
J u n k A
WrBA rea W rT  ree
g e n e ra l u t i l i t y  ro u t in e s
S to p Pause A lfaO
U p b A  Ifa E q u A l fa W rA lfa
P FV  segm ent ro u t in e s
Cp IMax IMin
C o n s tS eg A v r g S e g WrT ra n s
R dS eg Wrseg R d p fv s
RowO U pbRow
In t u r n ,  these r o u t in e s  use the P asca l r u n - t im e  system fo r  in p u t  
and o u tp u t  s e rv ic e s ;  f o r  s e co n d a ry  s to ra g e ;  fo r  s tack  h a n d l in g ;  
d ia g n o s t ic s  fo r  system  d e ve lo p m e n t;  and e r r o r  h a n d l in g .  T h e  Pascal 
system is o p e ra te d  u n d e r  the  D EC RT-11 XM o p e ra t in g  system .
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D y n a m ic  S t r u c t u r e  o f  SDA T h e p r o c e d u r e  a c t iv a t io n  s t r u c t u r e  is
g iven  b y  the  fo l lo w in g  p ro c e d u ra l c r o s s - r e fe r e n c e :
SDA main p ro g ra m
C alls SetA S etC R e a d s tr in g
S k ip C h a r s S u b s t r i n g Len
W r i te s t r in g S r i A n a ly s is
A n a ly s i s n a tu r a l  lang u a g e  p a r s e r
C alls P a rse
C a lled  b y SDA
Cs a na lyse  c o n te x t - s e n s i t i v e  c o n d it io n  o f  ru le
C alls S k ip Sym eq NewA
A A  reaO C e tS t r P u tA
C a lled  b y L h
Lh an a lyse  le f t  h and  o f  ru le
C alls C e tS t r Cs L is tH e a d
W rA lfa
C a lled  b y R ule
L in k c re a te  n e tw o rk from  o u t p u t  o f ru ile
C alls OkA GetA E q u A l fa
NewC P u tC J u n k A
U pbRow L in k P utA
C a lled  b y L in k S r i
S r i n ra m m a r t ra n s la t io n
C alls AlfaO B A  reaO CAreaO
M akebu f C e tS t r W rA lfa
R u le NewA A A  reaO
NewC P u tC P u tA
L in k
C a lled  by SDA
Rh an a lyse  r i g h t  han d  of r u le
C alls S k ip Seq T erm
C a lled  b y Rule
R u le an a lyse  ru le
C alls AA reaO BA reaO CA reaO
L h Sym Rh
C a lled  B y S r i
Seq r e c u r s iv e ly  ana lyse  n o n - te rm in a l ru le
C alls S k ip T  erm C e tn e x tc h a r
Seq U pb R o w NewA
A A  reaO C e tS t r P u tA
W rA lfa S to p
C a lled  b y Seq R h
Sym ana lyse  n e x t  sym bo l in  b u f f e r e d in p u t
C alls S k ip Sym eq Stop
C a lled  b y T  erm R u le
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c h e c k s  n e x t  sym b o l in b u f f e r e d  in p u t
Calls C e tn e x tc h a r
C alled  by Sym cs
T e rm a n a ly s e  te rm in a l symbol pai
C alls C e tn e x tc h a r S k ip
S ym
L is tH e a d
GetReal
C alled  by Seq Rh
T s h te rm in a l  sym bol h a n d le r  in
Calls Cp D p
C alled  b y Parse
D p tem p la te  m a tch e r
C alls Wrseg
C alled  by T s h





C a lled  by WrT ree
C e tl  n t 
S k ip U n t i l
W rAN ode
U pbR ow
T h a t ends any re f e r e n c e  to  the  low level ro u t in e s  fo r  th e  re m a in d e r  of 
th is  w o rk .
4 .3  Im p le m e n t a t i o n  o f  t h e  d y n a m i c  p r o g r a m m in g  m e th o d  D TW  at 
te m p la te  l e v e l
T h e  d y n a m ic  p ro g ra m m in g  (D P )  method used in th e  tem plate  level 
m atch ing  is e s s e n t ia l ly  th a t  g iv e n  b y  Sakoe and C hiba ( 1978). DP is 
d iscussed  in c h a p t e r  5; o n ly  th e  im plem enta tion  is d e s c r ib e d  h e re .  T h e  
sym m etr ic  form o f  th e  a lg o r i th m  is  used w ith  no slope c o n s t r a in t  on the 
time r e g is t ra t io n  p a t h  ( t h a t  is ,  p  = 0 ) .  A DP m a tr ix  g  o f  the  
in te rm ed ia te  op t im a  is ca lcu la te d  u s in g  the DP equa t ion
g ( / , / - 1 )  + d ( / , / )
g V . j ) = m in  g ( / ~ 1 , / - 1 )  + 2 d V , j )  
g  (/“ I » / )  + d  (/,/')
I
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which d e f in e s  the in te r r e la t io n  o f  c o s t  and sta te  t r a n s i t io n  in  the 
c lassica l DP m ethod . T h e  in i t ia l  c o n d i t io n .  g ( 1 , 1 )  is  g iv e n  b y
g (1 ,1 )  = 2d (1 ,1 )
where
d is th e  PFVS d is ta n c e  m easure , g iv e n  in s e c t io n  4 .4  b e lo w . Its  
use c o r r e s p o n d s  to the  log l ik e l ih o o d  m easure  f ra m e - to - f ra m e  
d is ta n c e  used b y  Sakoe and Chiba 
/ is th e  index  in to  the  speech d a ta ,  ra n g in g  f ro m  1 to /
/  is the  index  in to  the  in to n a t io n  p a t te r n  te m p la te ,  ra n g in g  from
1 to  7 .
The op tim al score  is g iv e n  b y  the  v a lu e  o f th e  e n d p o in t  in the DP 
m a t r ix ,  g ( / , 7 ) .  I f  on ly  the  v a lu e  o f  tha t score  is r e q u i r e d  then  the 
amount o f s to ra g e  needed b y  the  c o m p u te r  r o u t in e  is  a p p ro x im a te ly  th a t  
of 7 re a l  n u m b e rs ;  h o w e v e r ,  as we are in te re s te d  in  the time 
r e g is t r a t io n  p a th  chosen in  a r r i v i n g  at th a t  op t im a l score, we need to 
re ta in  all th e  re le v a n t  in te rm e d ia te  optima to r e t r a c e  the p a th  from  
g ( / , 7 )  to g ( 1 , 1 ) ,  t y p ic a l l y  7 2 rea l n u m b e rs .
T h e  size o f the  DP m a t r ix  g  is d e te rm in e d  b y  the tw o d im ensions 
/ and 7 ;  a t y p ic a l  va lu e  fo r  / is in  the n e ig h b o u r h o o d  of 7 ,  g iv in g  an 
a p p ro x im a te ly  squa re  m a t r ix .  T h e  maximum size o f  the template le n g th  
can be  s im p ly  a l te re d  at the  p ro g r a m  source  code d e c la ra t io n  le ve l .
The  c u r r e n t  size is 128 w h ic h  g iv e s  a maximum p o s s ib le  tem plate  size o f 
1.28 seconds ; th is  is c o n s id e re d  adequa te  fo r  h a n d l in g  the 
re p re s e n ta t io n  o f the  n u c le a r  s y l la b le .  T h e  c o r r e s p o n d in g  DP m a tr ix  
w ou ld  be  p r o h i b i t i v e l y  la rg e  f o r  m any m in i - c o m p u te r  system s ( in c lu d in g  
the  LS I-11  w i th  16 b i t  a d d re s s  space used h e re )  i f  the  fu l l  re q u ire m e n t 
o f  64K b y te s  (1 2 8 .1 2 .4  b y te s )  was needed. T o  overcom e th is  p ro b le m , 
th is  im p lem enta tion  uses one o f  th e  r e s t r ic t io n s  on the  DP w a rp in g
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fu n c t io n ,  the ad jus tm en t w in d o w  c o n d i t io n ,  to re d u c e  the  memory 
re q u ire m e n t fo r  g w i th o u t  u s in g  v i r t u a l  mem ory te c h n iq u e s .
Sakoe and C h iba  g iv e  th e  a d ju s tm e n t  w indow  c o n d i t io n  as a 
c o n s t ra in t  on the  to ta l e x c u r s io n s  o f  the  time r e g is t r a t io n  p a th  b y  the 
in e q u a l i ty
| / - / I  < r
w here  r  is the  ad jus tm en t w in d o w  le n g th .  T h i s  c o n s t r a in t  has the 
fu n c t io n  o f e l im in a t in g  u n r e a l i s t i c  time r e g is t r a t io n  p a th s  and the va lu e s  
chosen are d iscussed  in s e c t io n  6 . 2 .  T h e  o n ly  reg ion  o f g tha t  need 
e x is t  fo r  the  p u rp o s e  of c a lc u la t i n g  the DP m a t r ix  is the ad jus tm ent 
w indow re g io n  and i ts  im m ediate  s u r r o u n d s .  T h e  m atch ing  ro u t in e  maps 
t h i s  area in to  a m a tr ix  the  le n g th  o f  J ,  b u t  o f  w id th  2r .  T h is  
te c h n iq u e  re s u l ts  in a s ig n i f i c a n t  re d u c t io n  in  th e  memory re q u i r e d .  
U s ing  the mapping  fu n c t io n  f ,  the  s ta n d a rd  DP equa t ion  g iv e n  above 
appears  in the  Pascal code as
fo r  y :=  1 to r e f . l e n g  do 
b e g in
fo r  x := 1 to nsp d o  
b e g in
d is t  := d ( x , y ) ;  
i f  ( x =1) and ( y = 1 ) 
then  g [  f ( x . y ) ,  y  1 :=  d is t  
else 
b e g in
if  ( f ( x , y )  >= - r )  and ( f ( x , y )  <= r )  
then  
b e g in
z [0 ] :=  g [  f ( x  . y - 1 ) ,  y -1  1 + d is t ;  
z [1] ;=  g l  f ( x - 1 ,  y - 1 ) ,  y -1  1 + 2 * d is t ;  
z [ 2] :=  g [  f ( x —1, y  ) .  y  1 + d is t ;  
g [  f ( x , y ) ,  y  ] :=  m in (z ) ;  
end ( * i f , w i t h i n  a d ju s tm e n t  w in d o w * )  
end ( * i f , n o t  i n i t i a l  c a lc u la t io n * ) ;  
if (x = n s p )  and ( y = r e f . l e n g )  th e n  tn d  := g l  f ( x , y ) ,  y  ] 
end ( * f o r , x * ) ;  
end ( * f o r , y * ) ;  
tn d  := t n d / ( n s p + r e f  . l e n g ) ;
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F u r t h e r  im provem en t in  b o th  p e r fo rm a n c e  and e f f ic ie n c y  is 
o b ta ined  b y  u s in g  th e  P a l iw a l  m o d i f ica t ion  to Sakoe and C h ib a 's  o r ig in a l  
a lg o r i th m  (Paliw al e f  a t. 1982). T h e  o r ig in a l  a lg o r i th m  is a p p licab le  
on ly  w here  the e n d p o in t  / and tem plate  le n g th  J con fo rm  to the 
in e q u a l i ty
\I-J\ < r
T h is  e i th e r  imposes a f u r t h e r  c o n s t r a in t  on th e  to ta l t ime d i la t io n  
allowed o r an u n r e a l is t ic a l ly  w ide a d jus tm en t w in d o w  on the  whole o f  the 
time re g is t ra t io n  p a th  m ere ly  to accommodate th e  e n d p o in t  g [ l , J ) .  T h e  
m od if ica t ion  g iv e s  the  a d ju s tm e n t  w indow  a slope s o f  th e  l ine  jo in in g  
g (1 ,1 )  to g ( / , V ) ,  g iv i n g  th e  new in e q u a l i ty
| / - ( /7 s ) |  < r
T h a t  same in e q u a l i ty  is u s e d  in the fo rm u la  o f f  in  m app ing  the  reg ion  
a ro u n d  the leading d ia g o n a l of s lope s on to  a l in e a r  r e p r e s e n ta t io n ;  
h e re ,  aga in , the e q u a t io n  is c o m p u ta t io n a l ly  s im p le .  T h e  a d jus tm en t 
w indow  assumes a v a r ia b le  g e o m e try  d e p e n d in g  on the ch o se n  e n dpo in t  
in the  speech PFVS dom ain  and uses o n ly  a s im ple  l in e a r  t ra n s fo rm a t io n  
to check  in c lus ion  w i th in  th a t  w in d o w . T h is  fe a tu re  w i l l  be seen to be 
u se fu l when con n e c te d  tem p la te  m a tch in g  is in t ro d u c e d  w ith  its  
re q u ire m e n t of v a r ia b le  le n g th  m a tch in g  on v a r ia b le  le n g th  tem p la tes .
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4 .4  I n t o n a t i o n  r u l e  t r a n s l a t i o n
T h e  g ram m ar c o n s t r a in in g  t h e  SDA a n a ly s is  is in  the fo rm  o f a 
com pute r  te x t  f i le .  T h is  f i le  is r e a d  b y  th e  r u le  com p i le r  s u b p ro g ra m , 
s e q u e n t ia l ly  re a d in g  e n t i re  ru le s  a n d  then  t r a n s la t in g  them in to  a 
machine r e p r e s e n ta t io n .  T h e  m ach ine  re p r e s e n ta t io n  is on ly  dependen t 
on the h ig h  level da ta  s t r u c t u r i n g  o f  P asca l,  so it is no t machine 
dependen t in any w a y . A ty p ic a l  s t r u c t u r i n g  o f  the in te r n a l  
re p re s e n ta t io n  is g iv e n  b e lo w . T h e  end o f th e  g ram m ar is s ig n a l le d  b y  
the loca t ion  o f the e n d - o f - r u l e  s y m b o l ( o r  th e  p h y s ic a l  end o f  f i l e ) .
T h e re  is th e  op t io n  o f  l i s t in g  the  g ra m m a r as it is co m p i led , w ith  the 
ru le s  to ta l l y  r e c o n s t ru c te d  from th e  in te rn a l  r e p r e s e n ta t io n s .  On the 
le f t  s ide o f  th is  l i s t in g  th e re  are t h r e e  n u m e r ic a l  f ie ld s  th a t  g ive :
1. T h e  r u n n in g  to ta l  s to rage  r e q u i r e m e n ts  ( K b y te s )  fo r  th e  in te rn a l  
re p r e s e n ta t io n .  S epara te  to t a ls  are k e p t  fo r  b o th  n o n - te rm in a l  
nodes  and te rm in a l  nodes ( c o n t a in in g  th e  p a t t e r n  re p re s e n ta t io n s )
2. T h e  in te rn a l  n e tw o rk  a d d re s s e s .  T h is  o p t io n  p r o v id e s  a check on 
th e  t r a n s la to r  and its  a l lo ca t io n  o f s to ra g e .
3. T h e  num b e r of the  ru le  to w h ic h  the  l i s t i n g  te x t  r e f e r s .  T h is  is 
h e lp fu l  w here  the  te x t  o f a ru le  e x te n d s  ove r  more th a n  one ru le .
Exam ples o f the  o u tp u t  l i s t in g  f i l e  are in a p p e n d ix  A 3 ,  se c t io n s  2. and
4 . T h e se  f i le s  w ere  p ro d u c e d  b y  th e  SDA r u le  i n t e r p r e t e r  o p e ra t in g  on 
the g ram m ar f i le s  g iv e n  in  the  same a p p e n d ix  A 3 ,  sec t ions  1. and 3.
T h e  form o f  the g ram m ar is  d e f in e d  in  a p p e n d ix  A1 u s in g  a 
o n e - le ve l  van  Wijng .a rd e n  fo rm a lism  (v a n  W ijn g a a rd e n  1974), s im ila r to a 
8NF d e s c r ip t io n .  T h e  (m e ta )g ra m m a r  o f a p p e n d ix  A1 d e s c r ib e s  a L L (1 )
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language; th e r e fo re  the  t r a n s la t io n  fro m  s y n ta x  ru le  ( c h a r a c te r  s t r i n g )  
to  in t e r n a l  re p re s e n ta t io n  ( t r e e  node) is p e r fo rm e d  eas i ly  b y  a L L ( 1 )  
p a rs e r .  T h e  g ram m ar was d e s ig n e d  w i th  such a use in  m ind  w ith  the  
re s u l t  t h a t  the cho ice  o f a s u i ta b le  a lg o r i th m  does not p re s e n t  a 
s u b s ta n t ia l  p ro b le m . A s  the  t r a n s la t io n  p ro c e s s  takes p lace  b e fo r e  the 
speech a n a ly s is  p r o p e r ,  s y n ta x  ru le  p a r s e r  im p lem enta tion  Is not a 
major c o n s id e ra t io n  e i t h e r .  F u r th e r m o r e ,  the  c o m p le x i ty  o f  an 
in d iv id u a l  ru le  is r e la t i v e ly  small such  th a t  i ts  p a rs in g  poses no p ro b le m  
in te rm s o f  c o m p u te r  im p lem en ta t ion  l im i ta t io n s  on time o r  memory 
r e q u i re m e n t .  A c c o r d in g l y ,  a one sym bo l lookahead p a r s e r  was 
im plem ented b y  a r e c u r s iv e  d escen t a lg o r i th m ,  o f the  ty p e  commonly 
used in co m p u te r  lang u a g e  t r a n s la t o r s  (s u c h  an a lg o r i th m  was also used 
b y  F r ie d m a n  (1976) in  a n o th e r  n a tu r a l  language  p r o j e c t ) .  A r e c u r s iv e  
descent a lg o r i th m  is used  in  th e  main speech a n a ly s e r  (a l th o u g h  in  a 
d i f f e r e n t  im p le m e n ta t io n ) ,  so it is u s e fu l  to d e s c r ib e  th e  b a s ic s  o f  tha t 
ty p e  o f a n a ly s is  h e re .
R e c u rs iv e  d escen t is a n a tu r a l  cho ice  fo r  im p lem en ta t ion  h e re  -  it 
p ro v id e s  fo r  a s imple and d i r e c t  c o d in g ,  w ith  the  s ta t ic  s t r u c t u r e  o f  the 
e x e c u ta b le  in s t r u c t io n s  m i r r o r in g  the  d yn a m ic  f low  o f  c o n t r o l .  J u s t  as 
the  b a s ic  ru le  can be  seen as a com posite  s t r u c t u r e  ( c f .  a p p e n d ix  A 1 ) 
c o n s t r u c te d  from re p e a t in g  se q u e n t ia l  e lem ents.
s t r in g  symbol s t r i n g  sym bo l s t r in g
Ih r h rhn
s t r in g  symbol 
r h „  ;
so too can  the  t r a n s la t o r  w h ic h  accep ts  th i s  as in p u t  r e f le c t  such  a 
s t r u c t u r a l  r e g u l a r i t y .  T h e  Pasca l code is o rg a n ise d  as a g r o u p  o f  
p r o c e d u re s ,  each w i th  the  ac tion  o f t r a n s la t in g  a ( re p e a ta b le )  e lem ent,
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recogn ise  s t r i n g ( l h  s t r i n g ) ;  
recogn ise  s y m b o l(e q u a ls  sy m b o l) ;  
w h ile  not end  o f  ru le s  do  
b e g in
reco g n ise  s t r in g f d e p e n d e n t  s t r i n g ) ;  
reco g n ise  s y m b o l (c o n n e c te r  sy m b o l) ;  
end ;
w hich re s u l ts  in a ta rg e t  in te rn a l  re p r e s e n ta t io n  of th e  fo rm :
ru le  re p re s e n ta tio n  in  n e tw o rk  
i d e n t i f i e r
a n a ly s is  s t a t u s  f lags  
r u le /n o d e  t y p e  
d e p e n d e n t  node a dd resses  
d n a ^ ,  d n a j  , . . .  » c*na n
( i f  te rm in a l  node) 
p a t t e r n  te m p la te  
in fo rm a t io n  6 a n a ly s is  c o n t ro l
T h e  one -p a ss  n a tu r e  o f the  t r a n s la t o r  p a r s e r  r e s u l t s  in a 
r e la t iv e ly  s t r a ig h t - f o r w a r d  means of g e n e r a t in g  th is  code  w h ich  w i l l  b e  
easy to be  m od if ied  in f u t u r e .  T h e  c o n s t i t u e n t  p r o c e d u r e s  are a llowed 
to a c t iv a te  each o th e r  r e c u r s iv e ly ,  m i r r o r i n g  the  fo rm  o f  the  g ram m ar 
ru le s .  Each se n te n t ia l  c o n s t r u c t  is t r a n s la t e d  b y  a p r o c e d u r e  w h ich  
then assumes the t ra n s la t io n  o f th a t  c o n s t r u c t  as a s u b -g o a l .  T h e  
one -p a ss  n a tu r e  o f the whole p ro c e s s  e n s u re s  th a t  th e  associa ted code 
fo r  th e  s u b -g o a l  is g e n e ra te d  fo r  th a t  s u b -g o a l  b e fo r e  m ov ing  onto  
o th e r  g o a ls .
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4 .5  E x te n s io n  f o r  a t r a n s f o r m a t i o n  c o m p o n e n t
A n  e x te n s io n  to the  t r a n s la t o r  code h a n d le s  the  ex te n s io n  to SDA 
to deal w ith  the t r a n s fo rm a t io n a l  com ponent o f th e  SOA gram m ar p r o p e r .  
The  g ra m m a r -h a n d l in g  c a p a b i l i t ie s  o f the  p r e s e n t  SDA system e x te n d  
on ly  to the p h r a s e - s t r u c t u r e  ru le s  and tem pla te  s p e c if ic a t io n  w h ich  
com pr ise  on ly  tw o o f  the  th re e  main com ponents  o f  the  c lassica l 
A s p e c fs - t y p e  g ra m m a r (C h o m s k y  1965). S uch  an e x te n s io n  is b e l ie v e d  
to  be u n n e c e s s a ry  fo r  the p re s e n t  p u rp o s e  o f e x p lo r in g  the  ru le s  of 
E n g l ish  p ro s o d y .  H o w e v e r ,  to deal w ith  the f u l l  ra n g e  o f  n a tu ra l  
language  phenom ena, at least an e x te n s io n  o f t h i s  ty p e  w ou ld  be 
needed . How th i s  a d d i t io n  is p ro d u c e d  at the  com p i la t ion  level is 
d e s c r ib e d  im m ediate ly  be low ; th e  main cos t to th e  ana lys is  system w o u ld  
lie in the d yn a m ics  o f the  p a r s in g  o p e ra t io n .  T h is  e x te n s io n  is 
c u r r e n t ly  accepted  b y  the  r u le  co m p i le r  b u t  has no e ffe c t  on the  
in te rm e d ia te  r e p r e s e n ta t io n ,  and so has no e f fe c t  on the a n a ly s is .  T h e  
c u r r e n t  SDA v e r s io n ,  th e r e fo r e ,  is a re c o g n is e r  o f c o n te x t - f r e e  
languages.
U n like  the  b a s ic  SDA g ram m ar ru le s  d e s c r ib e d  in append ix  A l ,  
w h ic h  are e s s e n t ia l ly  p h ra s e  s t r u c t u r e  ru le s ,  t ra n s fo rm a t io n a l  ru le s  
d e s c r ib e  a c h a n g e  in  s t r u c t u r e  th a t  is in d e p e n d e n t  o f the (u l t im a te )  
c o n te n t  o f th a t  s t r u c t u r e .  A c c o r d in g l y ,  the  s p e c i f ic a t io n  o f s t r u c t u r e  
cha n g e  has two p a r t s :  a d e s c r ip t io n  o f s t r u c t u r e  b e fo re  and a f te r  
t r a n s fo rm a t io n .  T h e  fo rm a l isa t io n  used is b a se d  on the  s ta n d a rd  
A spects  fo rm a l ism . T h e  f u l l  fo rm  of the  g ra m m a r accepted  b y  SDA w i th  
th i s  ex te n s io n  is g iv e n  in a p p e n d ix  A 2. T h e  cho ice  o f p a rs e r  
im p lem enta tion  fo r  th e  ru le  co m p i la t ion  eases th e  task in th a t  it makes 
th e  ex tens ion  r e la t i v e ly  s imple to  in c o rp o ra te .  On b e g in n in g  to p a r s e  a 
r u le ,  the t r a n s la t o r  may e n c o u n te r  a t r a n s fo rm a t io n  ru le  w ith  th e  fo r m :
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[ ru le  s e q u e n c e : s t r u c t u r a l  in p u t  d e s c r ip t io n
== ru le  s e q u e n c e : s t r u c t u r e  o u tp u t  d e s c r ip t io n  ] ;
w here  ru le  se q u e n ce  re p re s e n ts  a s u b - t r e e .  A n  exam ple  of t h i s  is
I
# s t r u c t u r e  in p u t  d e s c r ip t io n  
a = b + c ;
b = b1 + b2; 
c = c l  + c2;
# s t r u c t u r e  o u tp u t  d e s c r ip t i o n  
a = b1 + b2 + c1 + c 2 ;
]
T h e  fo l lo w in g  se c t io n  d e s c r ib e s  the l i n k in g  p ro c e d u re .
4 .6  C o n s t r u c t i n g  th e  in t e r m e d i a t e  r e p r e s e n t a t i o n
T h e  n e tw o rk  c o n s t r u c t io n  p r o c e d u r e  ( L I N K )  is th e  second stage 
in  the p r o d u c t io n  of a su i ta b le  in te rm e d ia te  re p re s e n ta t io n  to d r i v e  the 
speech re c o g n is e r .  T h e  f i r s t  was the t r a n s la t io n  o f in d iv id u a l  ru le s  
in to  f ra g m e n te d  d a ta  s t r u c t u r e s .  T h is  second  s tage  can be d e s c r ib e d  
at two leve ls  o f  re p re s e n ta t io n :  at a lo g ic a l  le ve l ,  ta k in g  the  SDA 
system as a m ach ine , o r  at the  level of t h e  ac tua l co m p u te r  language  
in s t r u c t io n s  th a t  are im m ediate ly  e x e c u ta b le .  L o g ic a l ly ,  the  l in k e r  
b u i ld s  up  an a c y c l ic  d i r e c te d  g ra p h  r e p r e s e n ta t io n ,  a tree  
re p re s e n ta t io n ,  o f  a p re s e n te d  g ram m ar f ro m  the  d is jo in t  o u tp u t  o f  the 
ru le  c o m p i le r .  A t  a low er level o f o p e ra t io n ,  the  l i n k e r  can be  seen as 
a l te r in g  the  re lo c a ta b le  o u tp u t  code from  the  ru le  c o m p i le r  in to  an 
absolu te  r e p r e s e n ta t io n  o f the  g ram m ar n e t w o r k .  S u ch  a fu n c t io n  
rep laces  a p p r o p r ia te  addresses  to the s to r a g e  medium fo r  the  e x is t in g  
n e tw o rk  such  th a t  the in d iv id u a l  da ta  s t r u c t u r e s  are in c o r p o ra te d  in to  
the  n e tw o rk .  A  L IN K  ro u t in e  l ike  th is  is  needed because the ru le s  are
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not c o n s t ra in e d  in b e in g  p re s e n te d  in a l in e a r  fa s h io n .  (T h a t  
in d iv id u a l  ru le s  do not to g e t h e r  c o n s t i tu te  a l in e a r  sequence is not 
s u r p r is in g  as th e y  p u r p o r t  to d e s c r ib e  a h ig h ly  n o n - l in e a r  o b je c t . )  T h e  
l is t in g  of A p p e n d ix  A 3  g iv e s  the in te rn a l  s to ra g e  a lloca tion  fo r  the 
n e tw o rk  re p re s e n ta t io n  o f th e  ru le s .
C h a p te r  5
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C HAPTER  5
a c o u s t i c - p h o n e t i c  l e v e l  c o n s i d e r a t i o n s
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5.1 I n t r o d u c t i o n :  T h e  a c o u s t i c  d o m a in  o f  p r o s o d y
So fa r  th is  w o rk  has d e s c r ib e d  the  ana lys is  s ide of the  p r o je c t ;  
t h is  c h a p te r  w i l l  d e s c r ib e  the re le v a n t  acous t ic  and a cous t ic  p h o n e t ic  
aspects o f  the  speech p re p r o c e s s in g  fo r  the re c o g n i t io n  sys te m . T h e re  
are two s ides to th i s  p r o je c t :  the k n o w le d g e -c o n s t ra in e d  au tom atic  
speech re c o g n i t io n  sys tem  and the  more fu n dam en ta l a n a ly s is  of B r i t i s h  
E n g lish  p r o s o d y .  B o th  are c o n c e rn e d  to some d e g re e  w ith  an ana lys is  
o f  the speech wave; th e  c o n n e c t io n  r e s u l t s  from f i t t i n g  th e  h y p o th e s is e d  
tem pla tes to r u n n in g  speech and f ro m  d e s ig n in g  the  speech p ro c e s s in g  
a lg o r i th m s  th a t  c o n s t i t u t e  au tom atic  speech re c o g n i t io n .  In  the mam. 
th e  in te r re la te d  sys te m  o f  system s th a t  c o n s t i tu te s  the  B r i t i s h  E n g l is h  
p ro s o d ic  system can e v e n tu a l ly  be  ana lyse d  out in to  c lu s t e r s  of acoustic  
fe a tu re  re a l is a t io n s  ( t h r o u g h  time) su c h  as fu n d a m e n ta l f r e q u e n c y  (FO) 
movem ent, segmenta l d u r a t io n ,  and in t e n s i t y  ( C r y s t a l  and Q u i rk  1964). 
T h a t  much is u n c o n te n t io u s .  C h a p te r  3 d iscu sse d  the  g ram m atica l 
re le va n ce  o f in to n a t io n  (o v e r  w h ic h  is  less u n a n im i t y ) :  a dec is io n  was 
made to l im it in te r e s t  at th is  s tage o f  the p ro je c t  to FO. T h e re  are two 
reasons  fo r  th is :
1. From the  s u r v e y  o f  th e o re t ic a l  p o s i t io n s  in l in g u is t ic s ,  s u rv e y e d  in 
section  2 .3 ,  th e r e  is a c le a r  c o n s e n s u s  s e t t l in g  on th e  p r im a c y  of the 
in to n a t io n  system  among o th e r s  in  the  e ve n t o f  c o n f l ic t  in s ig n a l l in g  
p ro s o d ic  fe a tu r e s .  T h is  p r im a c y  is o b s e rve d  in  the w ay in w h ich  
the  in to n a t io n  sys te m  can o v e r r id e  o th e r  sys tem s. (P e rc e p tu a l  
e x p e r im e n ts  are  use d  in th is  d e te rm in a t io n  -  c f . F r y  (1958) on the 
t r a d e - o f f s  in g ra m m a tica l s t re s s  p e r c e p t io n . )  A ls o ,  th e r e  is a f a i r l y  
d i r e c t  re a l is a t io n  from  in to n a t io n  system to p i t c h  movement to  FO 
movement ( n o t  n e c e s s a r i ly  b id i r e c t io n a l )  such  th a t  a FO trace  over
C h a p te r 5 1 00
time can be  c o n s id e re d  a com plete  re a l is a t io n  o f  in to n a t io n  e v e n ts .
2. A s  a m a t te r  o f  e x p e d ie n c y ,  r e s t r i c t i n g  tem p la te  m a tch ing  to d e a l in g  
w ith  o n ly  one p a ra m e te r  th r o u g h  time makes th e  re s u l t in g  
c o m p u ta t io n a l  e f f o r t  fa r  l i g h t e r .  A ls o  it g r e a t l y  s im p l i f ie s  the 
re c o a n i t io n  p ro g ra m  c a lc u la t io n  to the  stage at w h ich  the  
im p lem en ta t ion  becomes re a l isab le  in reasonab le  time u s in g  a 
m in ic o m p u te r .  A ty p ic a l  au tom atic  speech re c o g n i t io n  sys tem , 
e sp e c ia l ly  those b a sed  on d y n a m ic  time w a r p in g ,  uses f re q u e n c y  
s p e c tru m  r e p r e s e n ta t io n s  o f  speech w h ich  r e q u i r e s  the  h a n d l in g  o f  
many more d a ta  items and c o n s id e ra b ly  more c a lc u la t io n s  ( a n y t h in g  
from  20 to 120 times more in  each c a s e ) .  T h e r e f o r e  a s tu d y  of 
fu n d a m e n ta l  f r e q u e n c y  is a good cho ice  fo r  e x p lo r in g  the  o p e ra t io n  
o f  a c o n t e x t - f r e e  c o n s t r a in e d ,  d yn a m ic  time w a rp in g  re c o g n i t io n  
sys tem .
T h e  c u r r e n t  im p lem en ta t ion  o f  the SDA sys te m  focuses  a t te n t io n  
on o n ly  FO m ovem ent. T h e r e  is p ro v is io n  in th e  p re s e n t  v e rs io n  o f  the 
SDA p ro g r a m  to h a n d le  th re e  more p a ra m e te rs  in  the tem plate  m a tc h in g ,  
one of w h ic h  is a c o n f id e n c e  measure to  aid FO p a t t e r n  m a tc h in g .  T h e  
two ba s ic  p a ra m e te rs  n o t  d is c u s s e d  he re  are c o n c e rn e d  w i th  e n e rg y  
d is t r i b u t i o n  o v e r  time and also th r o u g h  d i f f e r e n t  f r e q u e n c y  re g io n s .  
A l th o u g h  th e y  are n o t  used  th e y  are in c lu d e d  in  the p re s e n t  tem plate  
s p e c i f ic a t io n  in the  SDA g ra m m a rs  to e n su re  c o m p a t ib i l i t y  w ith  f u t u r e  
sys tem s. T h is  c h a p te r  w i l l  d e s c r ib e  two im p o r ta n t  aspects o f the SDA 
sys tem :
1 .  T h e  speech p re p r o c e s s in g  a lg o r i th m s  and  the  r e s u l t in g  
r e p r e s e n ta t io n .  T h e  re p - c s e n ta t io n  is common to b o th  the
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P ro s o d ic  F e a tu re  V e c t o r  S t r i n g  (P F V S ) and the p a t t e r n  tem plate  
in te rm e d ia te  re p r e s e n ta t io n  th a t  r e s u l ts  from  the  g ram m ar 
t r a n s la t io n .
2. T h e  action  o f the  tem p la te  m atch ing  a lg o r i th m .  A n o n l in e a r
t im e -w a rp in g  a lg o r i th m  fo r  m atch ing  a tem pla te  o n to  the  P FV S  is 
p re s e n te d ;  it is s im i la r  in o p e ra t ion  to  o n e - le v e l ,  iso la ted  w o rd  
re c o g n i t io n  schemes in  th e  l i t e r a t u r e .  L in e a r ,  g lo b a l  t im e -d i la t io n  
o f the speech p a t t e r n  has  been s in g u la r y  u n s u c c e s s fu l  in  the  
p a s t :  w i tn e s s  the  im p ro ve m e n ts  a c h ie ve d  b y  a p p ly in g  n o n l in e a r  
time w a rp in g  to aid s ta n d a r d  f r e q u e n c y  spec trum  m a tch in g  
te c h n iq u e s .  H o w e v e r ,  th e  freedom  to a p p ly  any  sequence o f  local 
time w a rp s  has been  th e  b lo ck  on u s in g  th is  fo r  p ra c t ic a l  
a lg o r i th m s :  the s e q u e n t ia l  c o m b in a to r ia l  eva lu a t io n  o f  the  tem plate  
match sco re s  r e s u l t i n g  from  e v e r y  p o s s ib le  sequence o f local time 
w arps  w o u ld  re q u i r e  in  the  o r d e r  o f 10®® m atch ings  ( f o r  the  
c u r r e n t  SDA s y s te m ) .  N on l in e a r  time w a rp in g  o n ly  becomes 
p ra c t ic a b le  w ith  th e  in t r o d u c t io n  o f  d y n a m ic  p ro g ra m m in g  from  
o p e ra t io n a l  re s e a rc h .  A l t h o u g h  a n o n l in e a r  time w a rp in g  app roach  
need no t in v o lv e  d y n a m ic  p ro g r a m m in g ,  it is f r u i t le s s  to d is c u s s  
p ra c t ic a l  a lg o r i th m s  o th e rw is e ;  a c c o r d in g ly ,  sec tion  5 .4  c o n s id e rs  
dynam ic  p ro g ra m m in g  as an in te g ra l  p a r t  o f the  m a tch in g  
a lg o r i th m .  T h e  p la ce  o f  the o n e - le v e l  template m a tch in g  a lg o r i th m  
in the f u l l  tw o - le v e l  SDA system is d is c u s s e d  in c h a p te r  7 .
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5 .2  P r o s o d ic  f e a t u r e  p r e p r o c e s s i n g
T h e  speech d a ta  is o b ta in e d  b y  d i r e c t  a n a lo g u e - to -d ig i ta l  
co n v e rs io n ,  sa m p l in g  at 5 k H z ,  u s in g  an a n t ia l ia s in g  f i l t e r ,  and w ith  a 
word size o f 12 b i t s .  T h e  s ig n a ls  were :
1. the  L x  o u tp u t  from  a L a r y n g o g r a p h
2. th e  o u tp u t  o f  a R evox  m icrophone  re c o r d in g  speech ta k e n  close to 
the sp e a ke r  in  an o f f ic e  e n v i r o n m e n t .
Beth th is  c o n v e rs io n  and th e  r o u t in e s  d e s c r ib e d  be low  w e re  exe cu te d  b y  
a C om pute r A u to m a t io n  A lp h a  m in ico m pu te r  u s in g  a su ite  o f  s u b ro u t in e s  
w r i t te n  in F O R T R A N  and assem b le r .  T h e  sampled da ta  is t r a n s fo rm e d  
and re d u ce d  b y  a se r ie s  o f  s u b ro u t in e s  a c t in g  in d e p e n d e n t ly  o f the 
main SDA p r o g r a m .  T h e  p ro ce sse d  speech re p re s e n ta t io n  c o n s is ts  of a 
sequence o f  p a ra m e te r  s e ts .  P ro s o d ic  F e a tu re  V e c to rs  ( P F V ) ,  w hich 
c o n s t i tu te s  the  P ro s o d ic  F e a tu re  V e c to r  S t r i n g  (P F V S );  each  p a ra m e te r  
set is a t r a n s fo rm a t io n  o f  a 25 .6  ms r e c ta n g u la r  time w in d o w  o f speech; 
the  frame ra te  o f t h is  w in d o w  is 100 Hz (See f ig u r e  5.1 f o r  an o u t l in e  
o f  how the PFV S  is  c o n s t r u c t e d . ) .  In the  p re s e n t  s ys te m , the  PFV 
cons is ts  o f two m easures :
1. A lo g a r i th m ic  t r a n s fo r m  o f  fu n d a m e n ta l  f re q u e n c y  (F o )
2. A c o n f id e n c e  es t im a t io n  on FO (CFO)
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F ig u r e  5.1 C o n s tru c t in g  th e  PFVS
C h a p te r 5
in  the t im e -c o u rs e  o f the  u t t e r a n c e .  Exam ples of the  PFVS are g i v e n  in 
f ig u r e s  5 .2  to  5 .6  fo r  th e  f iv e  H a l l id a y a n  tones o f E n g l is h  c o n s t r u c te d  
from a se lec t ion  o f  s p e a k e rs .  T h e s e  one second sec tions  of speech are  
used in th e  a n a lys is  and c la s s i f i c a t io n  e x p e r im e n ts  o f c h a p te r  6 . I t  is 
ap p a re n t  f rom  these f i g u r e s  how good  an es t im a to r  o f  FO the  c u r r e n t  
p re p ro c e s s o r  is ,  b u t  o n ly  in  th e  re g io n s  w here  the  CFO va lue  is above  
a th r e s h o ld ;  o th e rw is e ,  th e  fo r c e d  estim ate  is w i ld ly  in a c c u ra te .
1. FO m easure . T h e  p ro b le m  o f  d e te r m in in g  the  FO can be  c o n v e n ie n t ly  
th o u g h t  o f  as the  d e c o n v o lu t io n  o f  th e  g lo t ta l  d r i v in g  fu n c t io n  fro m  the 
speech w a v e fo rm .  V a r io u s  means are  ava i lab le  fo r  do in g  th is ;  H ess  
( 1983) s ta te s  th a t  th e r e  a re  l i t e r a l l y  h u n d r e d s  of p i t c h  d e te rm in a t io n  
a lg o r i th m s .  P e rh a p s  th e  s im p le s t  m e thod , at least c o n c e p tu a l ly ,  is  to 
fo rg o  u s in g  the  speech w a v e fo rm  a l to g e th e r  and to re c o rd  la ry n g e a l  
a c t i v i t y  d i r e c t l y .  T h is  is th e  f u n c t io n  o f  the  la r y n g o g ra p h  w h ich  w o rk s  
b y  m e a su r in g  voca l fo ld  im pedance  f ro m  e le c t ro m y o g ra p h ic  chan g e s  o v e r  
t ime. T h e  th e o r y  h e re  is  th a t  the  p e r io d ic  c lo s u re  o f  the vocal f o ld s  
w il l  r e s u l t  in  a c o r r e s p o n d in g ly  p e r io d ic  impedance v a r ia t io n .  T h e  
te c h n iq u e  in v o lv e s  p h y s ic a l  c o n ta c t  b e tw e e n  the  speake r and the 
la r y n g o g r a p h  in th a t  a p a i r  o f  e le c t ro d e s  are a ttached  to the s p e a k e rs  
th r o a t  in th e  v i c i n i t y  o f  th e  l a r y n x .  T h e  r e s u l t in g  L x  waveform 
th r o u g h  time can be  a n a ly s e d  to  g iv e  a estimate o f  FO in each 
s h o r t - te r m  a n a ly s is  f ra m e ; th e  u s u a l m ethod he re  is a simple 
p e a k - p ic k in g  a lg o r i th m  th a t  r e t u r n s  th e  p e r io d  o f  the f i r s t  com p le te  
p e a k - to -p e a k  c y c le  fo u n d  in  th e  a n a ly s is  fram e. (T h e  FO estim ate is 
v e r y  good  in  com par ison  w i th  s p e e c h -b a se d  p i t c h  de te rm in a t io n  
a lg o r i th m s .  In  th e  most th o r o u g h  s u r v e y  and assessment o f the f i e ld  to
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T I M E  ( 0  ■ 0 1 S )
XflXIS tS C R L E  RS P R I N T E D .
YRXJ S :SCflLE = Y ■ (10 *»-2)
F ig u re  5 .2  FFVS da ta  fo r  tone  1. D o ts  in d ic a te  th e  F0 va lue  
estim ated b y  the  p re p ro c e s s o r  ¡o r  each c e n tis e c o n d . The so lid  
in d ica te s  th e  co n fid e n c e  m easure  CFO ( a r b i t r a r y  s c a le ) .  The re g io n  
selected a u to m a tic a lly  as a t ru e  es tim a te  is b o u n d e d  b y  •  .
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T IM E  l 0 . 0 1 S )
XRXJS:SCRLE RS PRINTEO • 
YRXIS:SCRLE = Y • ( 10  « « - 2 1
F ig u re  5 .3  PFVS d a ta  f o r  tone  2 . D o ts  in d ic a te  th e  FO va lue  
estim ated  b y  th e  p re p ro c e s s o r  f o r  each c e n tis e c o n d . rh e  s° r d ' '" nn 
in d ic a te s  th e  c o n fid e n c e  m easure CFO ( a r b i t r a r y  s c a le ) . e <7 
se lected  a u to m a tic a lly  as a t r u e  es tim a te  is  b o u n d e d  b y  •  .
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T IM E  ( 0  - 0 1 S )
XflX1 S :SCRLE AS PRINTED- 
iRXISiSCPILE :  Y • (10 * « - 2 )
F ig u re  5 .4  F F V S  data fo r  to n e  3. D o ts  in d ic a te  the  FO va lue  
estim ated b y  th e  p re p ro c e s s o r  fo r  each c e n tis e c o n d . The s o lid  lin e  
ind ica tes  the  c o n fid e n c e  m easure CFO ( a r b i t r a r y  s c a le ) . The re g io n  
selected a u to m a tic a lly  as a t r u e  es tim a te  is b o u n d e d  b y  •  .
•  •
10 20 30 «0 SO 60 30 BO 90 100
T I M E  C 0 - 0 1 S )
X R X I S :SC A L E  RS PRINTED. 
T A X IS:SCRLE : T « 110 »«-2)
F ig u re  5 .5  FFV S  da ta  fo r  to n e  4. D ots in d ic a te  th e  FO va lu e  
estim ated  b y  th e  p re p ro c e s s o r  f o r  each c e n t is e c o n d . The s o lid  lin e  
in d ica te s  th e  c o n fid e n c e  m easu re  CFO ( a r b i t r a r y  s c a le ) .  The re g io n  
se lected a u to m a tic a lly  as a t r u e  es tim a te  is b o u n d e d  b y  •  .
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T IM E  ( 0  • 0 1 S )
XRX1S •SCRLE RS P R I N T E D  . 
Y R X l S t S C R L E  = Y » ( 1 0  « « - 2 1
F ig u re  5.6 PFVS d a ta  f o r  tone  5. D ots  in d ic a te  th e  F0 va lu e  e s tin ” ted  
hy th e  p re p ro c e s s o r f o r  each c e n tis e c o n d . The s o lid  lin e  in d ic a te s  t e 
confidence m easure  CFO ( a r b i t r a r y  s c a le ) . The re g io n  se ec e 
au tom atica lly  as a t r u e  es tim ate  is b o u n d e d  b y  •  .
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date, Hess comes down in  fa v o u r  o f L x - b a s e d  m e thods  as b e in g  a 
s ta n d a rd  b y  w h ich  to  assess o th e r  m ethods  [ p 5 0 8 ] . )  A s  the means of 
o b ta in in g  the  fe a tu re  v e c to r  is not im p o r ta n t  at th e  moment, the  L x  
w aveform from  a la r y n g o g r a p h  is used to  p r o v id e  th e  main sou rce  of 
vocal fo ld  movement r e p r e s e n ta t io n  fo r  th i s  p r o je c t .  (T h e  in s t ru m e n t  
was b u i ! t  at U n jv e r s i t v  C o lleqe . L o n d o n .  More d e ta i ls  on th is  te c h n iq u e  
and e q u ip m e n t can be  fo u n d  in  F o u r c in  and A b b e r t o n  1971.) T h e  
d ig i t i s a t io n  of the  w a ve fo rm  was c a r r ie d  out b y  the  A lp h a  m in icom pu te r  
s im u lta n e o u s ly  w i th  the  speech d ig i t i s a t io n ;  the  a p p a ra tu s  a llows fo r  
more than  one ana logue c h a n n e l to  be  d ig i t i s e d  s im u l ta n e o u s ly .  D i re c t  
d ig i t i s a t io n  avo ids  the r e p o r te d  p ro b le m  o f low f r e q u e n c y  phase 
d is t o r t io n  th a t  th e  L x  w a ve fo rm  is  p r o n e  to when re c o rd e d  u s in g  
analogue m agnet ic  tape r e c o r d in g  ( H u n t  1978).  T h e  s igna l was 
b a n d p a ss  f i l t e r e d  (5 -  1 200 H z ) .  T h e  low er f i g u r e  is to e lim ina te  
u n d e s ira b le  slow A C  f lu c tu a t io n s  due  to  to ta l  la r y n x  movement the 
u p p e r  f i g u r e  is to e l im ina te  s p u r io u s  p e a k in g  on th e  w aveform  th a t  may 
in t e r f e r e  w ith  th e  p e a k - p i c k in g  a lg o r i t h m .  ( F i g u r e  5 .7  g iv e s  an 
example o f the  d ig i t i s e d  L x  w ave fo rm  th a t  r e s u l ts  in  the  PFVS example
5.1 a b o v e .)
( A n o th e r  m ethod is  to p e r fo rm  th e  d e c o n v o lu t io n  b y  d ig i ta l  s igna l 
p ro c e s s in g  te c h n iq u e s  as in  the  c e p s t r a l  p ro c e s s in g  method (N o l l  1964). 
T h is  can ope ra te  on d ig i t i s e d  speech w i th o u t  p h y s ic a l  co n ta c t  w ith  the  
s p e a k e r ,  so is more s u i ta b le  fo r  g e n e ra l  a p p l ic a t io n .  T h e  d is a d v a n ta g e  
is  th a t  it  is n o t  to ta l ly  re l ia b le  in e s t im a t io n .  T h i s  method was also 
used in the  p r o je c t ,  u s in g  a J o in t  Speech  R e s e a rc h  U n it  c o m p u te r  
p ro g ra m  im p lem en t ing  N o ll 's  p u b l is h e d  a lg o r i th m  [G re e n  19 1
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2. FO con f idence  measure. C o n v e n t io n a l  d a ta - r e d u c t io n  as used in 
automatic speech re c o g n i t io n  system s do  not make f u l l  use o f  all 
in fo rm a t ion  available from  FO t r a c k in g  ro u t in e s ;  th e y  r e t u r n  e i th e r  a 
f re q u e n c y  value or an u n v o ic e d  in d ic a t io n .  A u to m a t ic  speech 
re co g n i t io n  systems are s im i la r  in th a t  re spec t in  t h e i r  h a n d l in g  o f raw 
speech data : an example w ou ld  be the  common f r o n t - e n d  to the  A R P A  
speech u n d e rs ta n d in g  sys tem s (Lea  and  S houp  1 980),  o r  the 
v o ic e d /u n v o ic e d  log ic  o f the  S IF T  LPC ro u t in e  (M a rk e l  and C ra y  1976).  
No estim ation o f con f id e n ce  in  the  FO estim ate  o r  d e g re e  o f v o ic in g  is 
passed on to h ig h e r  leve ls  in  the  sys te m , a l low ing  no  p o s s ib i l i t y  of 
us ing  active  mechanisms to adapt to th e  in p u t  sequence  o r o f a l low ing  
the  co n f idence  in the es tim ate  w e ig h t  any  s u b s e q u e n t  template m a tch in g  
H ow ever, if we co n s id e r  th e  u n d e r l y in g  phenomena o f  vocal fo ld  
movement, and the o b s e rv a t io n a l ly  access ib le  c o r r e la te  of v o ic in g ,  it is 
c lear tha t n e i th e r  is a b in a r y  fe a tu re .  In the case o f  u s in g  the  
¿.x-based FO estimation m ethod the re la t iv e  h e ig h t  o f  the L x  w aveform  
peaks is used as the c o n f id e n c e  es t im a te .  T h e  main assum ption  h e re  is 
th a t  vocal fo ld  movement, re la t iv e  h e ig h t ,  is p r o p o r t io n a l  to the d e g re e  
o f  v o ic in g ;  and th a t  a h ig h  de g re e  o f  v o ic in g  r e s u l t s  in w e l l -d e f in e d  L x  
waveforms tha t w il l  be c o r r e c t l y  an a lyse d  b y  a s im ple  peak p ic k in g  
a lg o r i th m .  T h e  measure CFO w i l l  be  used  to p r o v id e  a w e ig h t in g  
fu n c t io n  in the frame to  fram e d is ta n c e  measure d e s c r ib e d  be low .
( I n  the case of the c e p s t r a l  p ro c e s s in g  a lg o r i th m ,  the re la t iv e  
h e igh t of the la rges t a l low ab le  peak in  the  c e p s t ru m  is used as the  cFO 
measure. T he  assum ption  b e h in d  t h i s  equ iva le n ce  is  tha t a h ig h  d e g re e  
of vo ic in g  re s u l ts  in a s t r o n g  p e r io d ic i t y  th a t  w i l l  be  d is p la y e d  in the 
f re q u e n c y  sp e c tru m , and so w il l  be re p re s e n te d  in  the q u e f r e n c y  
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L X  - -  m i . D L
T I M E
X R X 1S:SCALE ns PRINTED. 
CHXlS:SCnLE : Y « 110 »«-2)
F ig u r e  5 .7  L x  w ave fo rm  f o r  'ye s ' sp o ke n  as s ta te m e n t
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5 .3  P ro s o d ic  te m p la t e s
T he  templates spec if ied  b y  a SDA gram m ar a re . c o n c e p tu a l ly ,  at 
le as t ,  s ty l ise d  segments of the  p re p ro c e s s e d  p ro s o d ic  fe a tu re  v e c to r  
s tream (PFVS) d e s c r ib e d  a b o v e .  T h a t  is ,  a ny  m atch ing  betw een  
template and the  g iv e n  in p u t  lo o k s  fo r  e q u iva le n ce  in  as many o f  the 
fe a tu re s  ( u n d e r  t r a n s fo rm a t io n s )  as p o s s ib le .  G o o d n e s s -o f - f i t  is 
de f in e d  as b e in g  in v e rs e ly  p r o p o r t io n a l  to th e  size o f  d i f fe re n c e s  
between the two PFV sections u s in g  a s q u a re d  e r r o r  measure. 
A c c o r d in g ly ,  the  tem plates t h a t  are g ive n  as p a r t  o f a g ram m ar must 
take  the form  o f PFV re p r e s e n ta t io n s ,  and m ust be sp e c i f ie d  th a t  way 
b y  the SDA g r a m m a r - w r i te r .  A  r ig o ro u s  sp e c if ic a t io n  o f the template 
p a r t  of a SDA gram m ar is g iv e n  in  A p p e n d ix  A 1 ,  as th a t  p a r t  o f the 
gram mar headed b y  te rm in a l s y m b o l .
te rm ina l sym bol: le f t  sq u a re  b r a c k e t  sym bo l,  
t r a n s fo r m  s p e c if ic a t io n ,  
s e g m e n t s p e c i f ie r ,  
r i g h t  square b r a c k e t  sym bo l.
T h e re  are two p a r ts  to the  te r m in a l  sym bols  in a SDA g ram m ar 
c o r re s p o n d in g  to the p a t te r n  tem p la te  p r o p e r  and the p e rm is s ib  e 
op e ra t io n s  on th a t  tem p la te . T h e  f i r s t  p a r t  is a set o f  fo u r  t ra n s fo rm  
s p e c i f ie rs .  T h e  c u r r e n t  SDA system  uses on ly  the  f i r s t ,  s p e c i f y in g  the 
timescale match o p e ra t ions  p a r t  o f  the o f  th e  dynam ic  time w a rp in g  
p rocess  ( c f .  section 5 .5  b e lo w ) ;  the o th e r  th re e  are d e s c r ib e d  h e re  fo r  
completeness and to show how how easily  th e  m atch ing  a lg o r i th m  cou ld  
be  developed f u r t h e r .  ( F u t u r e  ve rs io n s  o f  the system  co u ld  deal w ith  
p a t te rn  templates th a t  s p e c i fy  how a m a tch in g  is to  be p e r fo rm e d  in 
te rm s o f dynam ic  p ro g ra m m in g  c o n s t r a in ts  on the f r e q u e n c y  sea e 
t ra n s fo rm a t io n s  fe a tu re  be low  in  the metagrammar as fo u r  p a c k e ts  of
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u p p e r  and low er l im its  w h e re  each p a c k e t  is o f  th e  fo rm :
< no. o f t r ie s >  (< m in .  t r a n s fo r m > , <max . t r a n s fo r m » )
For each o f th e  fo u r  c o n t r o l  o p e ra t io n s  to be s u p p o r te d  b y  th e  template 
m atcher the  r u le  i n t e r p r e t e r  accep ts  the  fo l lo w in g  c o n s t r u c ts :
t ra n s fo rm  s p e c i f ie r  : t r a n s fo rm  s p e c i f ie r ,  
t r a n s fo r m ,  go on sym b o l .
t ra n s fo rm  : o rd in a l  s p e c i f ie r ,
le f t  b r a c k e t  sym bo l,  
m inimum e x te n d e r ,  
go  on  sym bo l,  
maximum e x te n d e r ,  
r i g h t  b ra c k e t  s y m b o l .
The  p a t t e r n  tem plate  p r o p e r  is r e f e r r e d  to as a segment in  th e  formal 
d e s c r ip t io n s  o f  th is  th e s is .  F o u r  p laces fo r  n u m b e rs  in  the  P FV  are 
d e s c r ib e d  h e re ,  g iv in g  tw o  more above the tw o  r e q u i r e d  fo r  FO and 
CFO. T h e s e  are  p o s i t io n s  fo r  p a ra m e te rs  to be  used in f u t u r e
deve lopm ent and th e y  are n o t  use d  in  the c u r r e n t  system -  th e y  are 
in c lu d e d  h e re  on ly  fo r  co m p le te n e ss .  T h e  c u r r e n t  im p le m en ta t io n  
accepts a tw o -v a lu e  p ro s o d ic  fe a tu re  v e c to r  as the  b a s ic  p a t t e r n  fram e, 
s p e c i f y in g  FO and c o n f id e n c e  on FO. T h e  r u le  in t e r p r e t e r  can  accept 
an e x te n d e d  v e rs io n  o f t h i s  b a s ic  PFV w h ic h  sp e c i f ie s  s o n o ra n t  e n e rg y  
( r e f e r r e d  to as SE) and mean s q u a re d  e n e rg y  (M S E ) .  T h e s e  have to 
do  w ith  e n e rg y  d is t r i b u t i o n  in  the  speech d a ta  th r o u g h  time -  a fu l le r  
d e s c r ip t io n  o f  the  e x te n d e d  P FV  and how th e y  are o b ta in e d  is  g iv e n  in 
L in d s a y  (1983) and L in d s a y  and A in s w o r th  (1 9 8 2 ) .
segment s p e c i f ie r  : o rd in a l  s p e c i f ie r ,  
le f t  b r a c k e t  sym b o l ,  
p ro s o d ic  fe a tu re  v e c to r  s t r i n g ,  
r i g h t  b ra c k e t  s y m b o l ,  
p ro s o d ic  fe a tu re  v e c to r .
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go on s y m b o l ,  
fe a tu re  v e c t o r  s t r in g  
p ro s o d ic  f e a t u r e  v e c to r -
p ro s o d ic  fe a tu re  v e c to r  :
le f t  b r a c k e t  sym bol,
Fo s p e c i f ie r ,  
go on s y m b o l ,
CFO s p e c i f ie r ,  
go on s y m b o l ,
SE s p e c i f ie r ,  
go on s y m b o l ,
MSE s p e c i f ie r ,  
r i g h t  b r a c k e t  symbol.
The in t e r p r e t e r  c re a te s  a v a r ia b le -s iz e  area fo r  s to r in g  th e  template 
re p re s e n ta t io n s ,  so the  le n g th  does n o t  have to be  sp e c i f ie d  in the 
g ra m m a rs . T h e  sp e c if ica t io n  o f  in te q e r  fo r  FO. CFO. S E . and MSE 
s p e c if ie r  con fo rm s  to s ta n d a rd  Pascal s y n ta x  fo r  (s ig n e d )  in te g e r  
d e n o ta t io n .  T h e  acceptance ro u t in e  f o r  in te g e r  d e n o ta t io n  fo r  these 
p a ra m e te rs  d u r in g  g ram m ar t r a n s la t io n  cannot use the Pasca l system 
c o n v e rs io n  ro u t in e s  because the  t r a n s la t io n  p ro ce ss  is h e a v i ly  b u f f e r e d .  
H o w e ve r ,  the SDA im plem enta tion  c o d e  fo r  a ccep t ing  these num bers  
fo l lows th e  Pascal system d e f in i t io n s  g iv e n  b y  Jensen and W ir th  (1974 
A p p e n d ix  F ) .
5 .4  T e m p la t e  m a t c h in g  u s in g  a d y n a m i c  t im e  w a r p i n g  a lg o r i t h m
O ne o f the  ways of c o m p e n s a t in g  fo r  v a r ia b i l i t y  in  the  
p ro n u n c ia t io n  o f l i n g u is t ic a l ly  same s t r e tc h e s  o f  speech is  b y  a p p ly in g  a 
com plex , non l in e a r  time d i la t io n  to th e  speech ( e i th e r  to one or b o th  
re fe re n c e  and tes t I te m s).  T h e  c o m p le x ,  n o n l in e a r  time d i la t io n  can be 
decomposed in to  a se r ies  of local t im e  w arps ; the d e s ire d  sequence 
be in g  th e  one th a t  r e t u r n s  the o p t im a l  score in  the  s u b se q u e n t  
c u m u la t iv e  fra m e - to - f ra m e  d is ta n ce  measure  app lied  to the  t ra n s
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i te m (s ) .  T h e  m atch ing  may be c o n s id e re d  as a p ro c e s s  o f time 
a lignm ent o f  one speech s t r e tc h  to a n o th e r ;  the  op tim a l match score 
be ing  the  re s id u a l  f r a m e - to - f r a m e  m a tc h in g  e r r o r  a f te r  o p t im a l time 
a l ig n m e n t .  A s  b o th  the  p re p ro c e s s e d  speech d a ta  sequence and the  
tem plates a re  re p re s e n te d  as time sequences  o f  fe a tu re  v e c to r s  it is 
pos sibl e to w arp  sequences  along th e  time d im ens ions  in  o r d e r  to 
minimise the  summed d is ta n c e  c a lc u la t io n  fo r  the  whole m a tch . T h e  
PFVS can be  e xp re s s e d  as a sequence o f  fe a tu re  v e c to r s
S = 5^, S 2 » S3. •••» S|
and the in to n a t io n  tem p la te  can be  e x p re s s e d  as a s im ila r  sequence
T -  t j , f2» f3* •••» fj
A w a rp in g  fu n c t io n  can b e  in t ro d u c e d  to e lim ina te  t im in g  d i f fe r e n c e s  
betw een these  two sequences; h e re ,  the  w a rp in g  fu n c t io n  is  a sequence  
o f  p o in ts  in  the p a t te rn -P F V S  t im e-t im e  p la n e  th a t  re a l ise s  a m app ing  
fu n c t io n  from  the time a x is  of the  p a t t e r n  o n to  the  PFV S  time a x is .  In  
the case w here  the two items a-., the same, th is  w a rp in g  fu n c t io n  w ll  be 
d is p la y e d  as a d iagona l across th e  t im e - t im e  p la n e ,  s h o w in g  th a t  minimal 
time d is t o r t io n  (none  at a l l )  is needed to  ach ieve the o p t im a l m atch. 
(F ig u r e  5 .8  g iv e s  an exam ple  o f the time re g is t r a t io n  p a th  th a t  re s u l ts  
from  time w a r p in g . )  T h e  d yn a m ic  time w a rp in g  p ro b le m  can be  re d u c e d  
to  d is c o v e r in g  the  op t im a l time w a rp in g  fu n c t io n  fo r  a g iv e n  s t r e tc h  o f  
speech and re fe re n c e  tem pla te  s u c h  th a t  th e  d is ta n c e  b e tw e e n  the 
t ra n s fo rm e d  template and the  speech d a ta  is  m in im ised. Sakoe and 
C h iba  ( 1978) p re s e n t  tw o  c o n d i t io n s  fo r  the  g e n e ra l  au tom atic  speech
re c o g n i t io n  case:
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1. Speech p a t t e r n s  are  t im e-sam pled  w ith  a common and co n s ta n t  
sam pling p e r io d
2. We have no a p r io r i  kn o w le d g e  about w h ich  p a r t s  of the speech 
p a t t e r n  c o n ta in  l i n g u is t ic a l ly  im p o r ta n t  in fo rm a t io n
( to  he more p re c is e  on the second p o in t :  even i f  we do have such 
kno w le d g e , the  sys tem  ca n n o t  use i t )  to w h ich  we can add, o r  r a t h e r ,  
make e x p l i c i t ,  two a d d it io n a l  c o n d i t io n s  fo r  th e  ex te n s io n  to the p re s e n t  
case o f re c o g n is in g  speech FO c o n to u rs :
3. T h e re  is a fo rm u la t io n  o f  a c a l c u l a b l e  e r r o r  fu n c t io n  w h ich  can 
p ro v id e  a sca la r  measure o f d is ta n ce  fo r  a n y  data  and template frame 
m a tc h in g .  U n l ik e  the  s h o r t - te r m  f re q u e n c y  spec trum  re p re s e n ta t io n  
o f speech and i ts  d e r iv a t i v e s ,  it is c e r t a in ly  not the case th a t  a FO 
va lue  can be  d e te rm in e d  fo r  any g iv e n  s t r e tc h  of speech. It  is at 
t h is  s tage th a t  we must use the tw o - le v e l  p a t t e r n  in fo rm a t io n  g iv e n  
in the  P F V S .  A p rob lem  w ith  many re c o g n i t io n  processes  is in how 
to hand le  two ty p e s  o f in fo rm a t io n  assoc ia ted  w ith  a p a t t e r n :  the 
p a t t e r n  va lu e  and the b in a r y  fe a tu re  of o f  th e  p a t te r n  b e in g  p re s e n t  
at a l l .  T h e  u s u a l  method o f h a n d l in g  th is  is  b y  s p e c i fy in g  the va lu e  
o r g iv in g  a n u l l  va lue  w h ic h  acts as an im p l ic i t  in d ic a t io n  o f the 
fe a tu re  no t b e in g  p re s e n t  at a l l .  T h is  r e s u l t s  in p rob lem s in how to 
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F ig u re  5 .9  E xa m p le  o f  the  time re g is tra t io n  p a th  re s u lt in g  
w a rp in g
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a mean s q u a re d  e r r o r  measure fa i ls  when a fu n d a m e n ta l  f r e q u e n c y  
va lue  is com pared  w ith  a va lue  w h ic h  is more p r o p e r ly  an u n v o ic e d  
in d ic a to r .  A mechanism w h ich  is fo rc e d  to  r e t u r n  o n ly  a g ra d e d  
va lue is u n a b le  to h a n d le  a lack o f  p a t t e r n  ( w i th o u t  u s in g  p a t t e r n  
t r a c k in g  a lg o r i t h m s ) .  T h e  d is ta n c e  fu n c t io n  d  here  uses the  
se!f_e s t im 3te d  c o n f id e n c e  measure c in the  F0 va lue  s to fo rm  a 
w e igh ted  sum o f  the  s q u a re d  d i f fe r e n c e s :
d ( i , j )  = c [ i )  *  ( f  (/ ') -s ( / ) ) 2
w here  i  ra n g e s  from  Iw b  to u p b  o f  the  d a ta  segment 
w h e re  /  ra n g e s  from  1 to 7 o f the  tem pla te  segment 
c is c o n f id e n c e  measure 
p  is p a t t e r n  tem plate  F0 
s is speech d a ta  F 0
T h e re  are  two main a d va n ta g e s  to th is .  U n vo ice d  segm ents  o r  even 
fram es are h a n d le d  w i th o u t  in v o k in g  e x c e p t io n  h a n d l in g  o r  sm ooth ing  
ro u t in e s .  R eg ions  o f h ig h  c o n f id e n c e  c o n t r ib u t e  more to w a rd s  the 
m a g n i tu d e  o f  the f in a l  re c o g n i t io n  sco re ,  aga in  w i th o u t  specia l 
hand li n g .
H. T h e  p h o n o lo g ic a l  id e n t i t y  o f a tem plate  rem a ins  in ta c t  a f te r  the  
t im e -w a rp  t r a n s fo rm a t io n s .  T h is  p o in t  imposes r e s t r ic t io n s  on the 
n a tu re  and amount o f t im e -w a rp in g  a llowab le : esse n t ia l ly  it assumes 
th a t  th e  l in g u is t ic  c o n te n t  o f  u t t e r e d  language  is p r e s e r v e d  across 
t im e -w a rp in g  t r a n s fo rm a t io n s  and th a t  loca l ised  in t r a -  and 
in t e r - s p e a k e r  v a r ia b i l i t y  a long the time scale can be ig n o r e d .  It 
shou ld  be  no t ice d  th a t  th e re  are no c o n s t r a in t s  p laced on the  ty p e s  
of p a t t e r n  u s e d .  In p r e v io u s  w o rk  the the  fe a tu re  v e c to r s  have 
been re p r e s e n ta t io n s  o f  the  i r e q u e n c y  s p e c tru m  of speech , d e r iv e d  
e i th e r  f ro m  a f i l t e r - b a n k  dev ice  o r  from d ig i t a l  t r a n s fo rm a t io n .  T he
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e r r o r  fu n c t io n  used w o u ld  ca lcu la te  the  d is tance  b e tw e e n  two 
f re q u e n c y  s p e c t ra .  In th e  SDA system FO va lues are  used as 
fe a tu re s  in the  m a tc h in g  and the d is ta n ce  fu n c t io n  is a special case 
of the  more common fe a t u r e  v e c to r  d is tance  case.
It was m entioned in  sec t ion  5.1 th a t  the p rob lem  now becomes 
d e te rm in in g  th a t  op t im a l t im e a l ig n m e n t ,  the optimal sequence  of local 
time w a rp s .  Each p o s s ib le  w a rp  sequence canno t be p ra c t ic a b ly  t r ie d  
out in t u r n :  a more e f f i c i e n t  method is needed. One c a n d id a te  method 
o f  d e te rm in in g  the  op t im a l w a rp  sequence is to use d y n a m ic  
p ro g ra m m in g  ( D P ) .  T h is  is  a p o w e r fu l  te ch n iq u e  im p o r te d  from 
o p e ra t io n a l  re se a rch  and s u c c e s s fu l ly  used in ASR in w o rk  b y  V e l ic h k o  
and Z a g o ro y k o  (1 9 7 0 ) ,  S a ko e  and C h iba  (1978) ,  White a n d  Nealy (1976) .  
Sakoe (1 9 7 9 ) .  B r id le  e t a t .  (1979); and Myers  and R a b in e r  (1981). 
U n like  l in e a r  p ro g r a m m in g .  DP re d u ce s  the  prob lem  to th a t  of f in d in g  
the  b e s t  way  o f s o lv in g  th e  p ro b le m ; th a t  is ,  to f in d in g  the  bes t 
sequence o f  s ta t e - t o - s ta t e  t r a n s i t io n s  th r o u g h  a p rob lem  state space.
(O f c o u rs e ,  once the  b e s t  w ay  of s o lv in g  the p rob lem  is  fo u n d ,  then 
so lv in g  the  p rob lem  i t s e l f  is  t r i v i a l .  In  th is  case, once we know  what 
sequence o f local time w a r p s  g ive  the  optimal score, we ju s t  have to 
app ly  them to ge t th a t  s c o r e . )  T h e  P r in c ip a l  o f  O p t im a l i ty  u n d e rp in s  
D P, h e re  fo rm u la te d  b y  B e l lm a n  ( 1957):
A n  op t im a l p o l ic y  has th e  p r o p e r t y  th a t  w h a te ve r  the  in i t ia l  s ta te  
and in i t ia l  dec is ion  a re .  th e  ic m a in in g  decis ions must c o n s t i tu te  
an op t im a l p o l ic y  w ith  r e g a r d  to the state re s u l t in g  f ro m  the f i r s t  
dec is ion
where  s ta g e  is the in d e x  o f  the  succession of changes in  the s o lv in g  
p rocess ; a s ta te  is one p o s i t io n  in the so lv in g  p ro c e s s .  T h e  so lv in g  
p rocess  s ta te - to -s ta te  t r a n s i t io n  w i l l  be fu l ly  d e te rm in e d  b y  the c u r r e n t
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s ta te  in the  p re s e n t  s tage  and h y  the  p o l ic y  in  fo rc e .  T h e  fu n c t io n a l  
e q u a t io n ,  fo r  the  p re s e n t  p ro b le m  fo rm u la t io n ,  w h ich  equa tes  the  p o l ic y  
v a lu e  fo r  a s ta te  at a g iv e n  s tage , is  g iv e n  b y
g ( / , / - 1 )  + d ( / , / ‘ )
g (/',/') = min g ( M , / - 1 )  + 2 d [ i . j )  
g ( / - 1 »/) + d [ i . i )
T h is  is a sym m e tr ic  fo rm  o f  one o f  Sakoe and C h iba 's  DP equ a t io n s  w ith  
n o  slope c o n s t r a in t  ( t h a t  is ,  p  = 0 ) .  T h e  e q u a t io n  was fo u n d  b y  them 
t o  p e r fo rm  b e t t e r  th a n  a ra n g e  o f a l te rn a t iv e s  and has the  advan tage  of
b e in g  the  s im p le s t ,  c o m p u ta t io n a l ly .
T h e  SDA DP a lg o r i th m  s u b s ta n t ia l ly  fo l low s the e x p o s it io n  of 
Sakoe and C h iba  (1 9 7 8 ) .  T h e  dom ain of the  DP e q u a t io n  is sp e c if ie d  b y
1 < / </ 
1 < j  <J
fo r  the ° F V S  
fo r  the tem plate
and the P a liw a l m o d i f ica t io n  is used  to g iv e  a v a r ia h le  geom etry  
ad ju s tm e n t w indow  to c o n s t r a in  the  time r e g is t r a t io n  p a th
| / - ( / V s ) |  < r
T h e  in i t ia l  c o n d i t io n  is g iv e n  b y
g (1 ,1 )  = 2d (1,1 )
and the time n o rm a lised  d is ta n c e ,  the op tim al score , fo r  a match is 
g iv e n  b y
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where N = I + J -  T h e  DP e q u a t io n  is a re c u r s iv e  fo r m u la t io n .
O b v io u s ly  the  s o lu t io n  score  ca n n o t  be ca lcu la ted  d i r e c t l y  f ro m  th is  
e q u a t ion ; in  p r a c t ic e  a m a t r ix  q is fo rm ed o f all the  re le v a n t  
¡ n tc rm e diate  op tim a l scores -  hence the appearance of the  id e n t i f ie r  q in 
the  DP e q u a t io n .  F u l l  d e ta i ls  o f the DP m atch ing  ro u t in e  im plem enta tion  
and the  P a liw a l m o d i f ic a t io n  on the ad jus tm en t w indow are g iv e n  in 
section  4 .3 .
E x a m p le s  o f  t e m p la t e  m a t c h in g
T w o  exam ples o f the time r e g is t r a t io n  pa th  ob ta in e d  from time 
w a rp in g  are  g iv e n  in  f i g u r e s  5 .8  and 5 .9 .  B o th  exam ples take a 
n a tu r a l  u t te ra n c e  sample o f tone  1 spoken as a s ing le  s y l la b le  as the 
re fe re n c e  tem p la te .  T h ese  exam ples are taken  from  the n u c le a r  tone 
a n a lys is  e x p e r im e n t  d e s c r ib e d  in c h a p te r  6 .  T h e  se lec t ion  o f > FVS from 
the  spoken u t te r a n c e  is a u to m a t ic ,  d e p e n d in g  on th r e s h o ld  c ro s s in g  on 
a smoothed CFO c o n to u r .  A n y  such method is on ly  a com prom ise, and 
the  smaller p lo ts  a ro u n d  th e  time re g is t r a t io n  p a th s  of f i g u r e s  5 .8  and 
5.9 show s l ig h t  in a c c u ra c ie s  in  FO es t im at ion  (v a lu e s  g iv e n  in append ix  
A 3 ) .  T h ose  w ou ld  be  lost i f  a manual se lection system w as used where  
the  se lection c r i t e r i a  were c h a n g e d  from  sample to sam ple. H o w e ve r,  as 
the  example of f i g u r e  5 .8  sh o w s , these inaccu rac ies  are s u f f ic ie n t l y  
compensated fo r  b y  time w a r p in g  w i th in  the  ad justm ent w indow  and b y  
the  w e ig h t in g  on th e  d y n a m ic  p ro g ra m m in g  d is tance  fu n c t io n .
T h e  re fe re n c e  te m p la te s  1A4.SD and 2A4.SD were fo u n d  to 
possess th e  minimum in t r a - c la s s  d is ta n ce  among a se lec t ion  of 32
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and to n e  2 u t te ra n c e s ,  r e s p e c t iv e ly ,  ra n d o m ly  taken  from  a database of 
400 to n e  samples fro m  fo u r  male sp e a ke rs .  T h is  p rocess  was p a r t  of 
c la s s i f ie r  t r a in in g  fo r  s p e a k e r  d e p e n d e n t  and in d e p e n d e n t  re c o g n i t io n ;  
it c o n v e n ie n t ly  p r o v id e s  re p r e s e n ta t iv e  samples o f each tone fo r  the  
p re s e n t  p u rp o s e  o f  c o m p a r is o n .  T h e  t h i r d  re fe re n c e  tem plate  1 .A V  was 
s y n th e s is e d  from  th e  a v e ra g in g  o f  the  id e n t i f ic a t io n  re s u l ts  from 
e x p e r im e n ts  c o n d u c te d  to d e m o n s tra te  c a te g o r ic a l  p e rc e p t io n  in section  
3 .4 .  T h e  F0 p lo t  is g iv e n  in  f i g u r e  3 .3 .
1. Tone 1 a nd  tone 2 . ( f i g u r e  5 .8 )  T h is  is an in te r e s t in g  com par ison  
s ince tones 1 and 2 are  he ld  h y  o u r  th e o r y  to  be s u b s ta n t ia l ly  
d i f f e r e n t ,  and some even h o ld  th a t  th is  d i f fe r e n c e  is the  on ly  fo rm al 
d is t in c t io n  th a t  can be made c o n c e rn in g  in to n a t io n .  T h e  f i g u r e  shows 
the  a t tem p t to w arp  one in to  th e  o th e r .  It  can be  seen th a t  the  time 
r e g is t r a t io n  p a th  has the  g re a te s t  time d is t o r t io n  at the m id p o in t ;  th is  
is  w h e re  the two g r a p h s  have s im i la r  v a lu e s .  T h is  is th e  a ttem pt to 
match  s im ila r va lu e s  a ro u n d  the  mid p o in t ,  as fa r  as the  a d jus tm en t 
w in d o w  a llows. T h e  p o o r  F0  e s t im a t io n s  o f th e  f i r s t  f o u r  va lu e s  have 
l i t t le  e f fe c t  on the  w a rp in g  fu n c t io n  o v e ra l l ,  p o s s ib ly  because  th e y  are 
assoc ia ted  w ith  a low CFO.
. Tone 1 and  s y n th e t ic  tone  7. ( f ig u r e  5 .9 )  T h is  is a com par ison  
e tw een  two re p r e s e n ta t i v e  tone  1 tem pla tes, one from  re c o g n i t io n  
r a in in g  and one from  p e r c e p t io n  t r a in in g .  A s  e x p e c te d ,  th e y  are 
im i la r ;  a pa rt  from  an in i t ia l  d isp la c e m e n t ,  th e  time r e g is t r a t io n  p a th  
o l lo w s  a s t r a ig h t  l ine , s h o w in g  th a t  the b e s t  match is o b ta in e d  w ith  an 
i lmost l inea r  d i la t io n .  T h is  s u g g e s ts  th a t  th e  two tem pla tes are  s im ila r ,  
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6.1 S y n t a x  d i r e c t e d  a n a ly s i s  
M u l t i - l e v e l  a n a ly s i s
T h is  sec tion  d e s c r ib e s  the o p e ra t io n  o f  the SDA ana lyse r  and 
d iscusses  the  m o t iv a t io n  b e h in d  some o f  th e  des ign  fe a tu re s .  T he  
an a lyse r  is e s s e n t ia l ly  a two level a lg o r i th m  c o n s is t in g  o f  the DP 
template m atcher d e s c r ib e d  above in sec t ion  5 .4  and an a lgo r i thm  tha t 
r e t u r n s  a re c o g n i t io n  score  fo r  one or more tem plates selected in 
sequence u n d e r  the d i r e c t io n  of the  s y n ta x  ru le s  c u r r e n t l y  in fo rce .
T h is  section also d e s c r ib e s  the s y n ta c t ic  c o n s t r a in t  mechanism w hich 
ope ra te s  a to p -d o w n  p a rs e  of the  in te rm e d ia te  s y n ta x  re p re s e n ta t io n ;  it 
d e te rm ines  the  p e rm is s ib le  sequences o f tem p la tes  from  w hich  the second 
level o f  a n a ly s is  d e te rm in e s  the  n e a r -b e s t  sequence . F o r  the simple 
gram m ar c o n s is t in g  o f  one tem pla te , o r  th e  se lect ion  o f one template 
from  many, th e  SDA system  is e f fe c t i v e ly  an iso la ted template 
re c o g n is e r  -  a l th o u g h  o p e ra t in g  on in to n a t io n  c o n to u r s .  T h a t  o p e ra t io n  
is  d e s c r ib e d  in  use in  section 6 .2  w here  e x p e r im e n ts  on s ing le  tem plate  
t r a in in g  and c la s s i f ic a t io n  are d e s c r ib e d .  One example of th is  is the 
sp e a ke r d e p e n d e n t  c la s s i f ic a t io n  o f the  f i v e  H a ll idayan  simple tones 
u s in g  re fe re n c e  tem p la tes  from t r a in in g  on speaker 1 ( ta b le  6 .1 ) :
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#
sigma = a, b ,  c , d ,  e;
#









The re s u l t in g  score  fo r  s in g le  tem pla te  a n a lys is  su ch  as t h i s  is op t im a l.
T h e  a lg o r i th m  o f  th e  c o n t e x t - f r e e  c o n s t ra in e d  co nnec ted  
re c o g n i t io n  is. in g e n e r a l ,  u n k n o w n .  T h e  a p p ro a ch  taken  h e re  is to 
apply  a h e u r is t i c  a lg o r i th m  w h ich  r e t u r n s  a near optimal s c o re .  In 
c o n t r a s t ,  th e  two leve l a lg o r i th m  o f LOCOS is a fu l l y  op tim al 0 °  
so lu t ion  to the  p ro b le m  o f  se le c t in g  e n d p o in t  p o s i t io n s  a long the 
d u ra t io n  o f the c o n n e c te d  tem plate  's u p e r - p a t t e r n '  (Sakoe 1979) fo r  the 
s im pler f in i t e  s ta te  g ra m m a r .  T h e  c u r r e n t  im p lem enta tion  o f  SDA tra d e s  
e f f ic ie n c y  to ach ieve  to  nea r op tim al so lu t ion  to th e  bes t sequence of 
tem plates. T h e  a n a ly s is  a lg o r i th m  se lects  a ra n g e  o f e n d p o in ts  fo r  the 
f i r s t  level tem plate  DP, fo r  each tem plate  in any  can d id a te  sequence. 
T h is  co n tra v e n e s  th e  O p t im a l i ty  P r in c ip le ;  the  es t im a t ion  on the loca l ly  
optimal e n d p o in t  is  made w ith  l i t t le  o r  no re fe re n c e  to success ive  
choices. H o w e v e r ,  th e  r e s u l t in g  sco re  may app ro a ch  the  op tim al fo r  a 
simple gram m ar o f  th e  ty p e  e n v is a g e d  fo r  in to n a t io n ,  and fo r  a 
s u f f ic ie n t ly  b ro a d  ra n g e  o f e n d p o in ts  at each tem plate  ju n c t io n .
T h e  main use  o f  th e  SDA system  in the  c u r r e n t  p ro je c t  is on the  
s ing le  template r e c o g n i t io n  e x p e r im e n ts  (s e c t io n  6 .2 ,  fo l lo w in g )  w h ich  
use a l im ited  s y n ta x  o f  cho ice  o v e r  a template lex icon  o f  f i v e  re fe re n c e  
tem pla tes. T h a t  s e r ie s  o f  e x p e r im e n ts  makes no concess ions over
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o p t im a l i ty .  T h e y  are good exam ples  of how a w e l l -m o t iv a te d  s y n ta x  can 
d irec t  the re c o g n i t io n  o f  the  in to n a t io n  c o n to u r s .  T h e  sy n ta x  may be 
cons idered  w e l l -m o t iv a te d  because the  l in g u is t ic  c lasses  re p re s e n te d  b y  
the re fe re n c e  tem pla tes are p h o n e m ica l ly  v a l id  a b s t r a c t io n s  in bo th  
number o f p h o n e t ic  fo r m .
S ec t ion  6 .3  p re s e n ts  an example o f SDA o p e ra t in g  w ith  a more 
complex c o n s t r a in in g  g ra m m a r .  T h is  uses a co n n e c te d  u t te ra n c e  as the 
PFVS and a co l loca tion  g ram m ar as the  s t r u c t u r a l  h y p o th e s is .  T h is  ru n  
o f SDA s ta n d s  on ly  as an exam ple  o f connec ted  u t t e r a n c e  use fo r  the 
reasons th a t  the a lg o r i th m  o n ly  a p p ro x im a te s  o p t im a l i t y  in th is  mode and 
th a t  the c o n te n t  o f a c o n n e c te d  u t te ra n c e  in to n a t io n  g ram m ar has not 
been fu l l y  d e te rm in e d .  It  is in c lu d e d  in th is  th e s is  as an example of 
how a more complex g ra m m a r ,  p o s s ib ly  d e s c r ib in g  th e  p h o n e t ic  fo rm  of 
the  tone g ro u p  p re h e a d ,  c o u ld  be tes ted  and used in  f u t u r e  w o rk .
S y n t a c t i c  c o n s t r a i n t  m e c h a n is m
T h e  SDA system  o p e ra te s  w ith  a g ram m ar re p re s e n ta t io n  w h ich  
r e s t r ic t s  the  choice o f  re fe re n c e  tem p la tes  in the  se le c t io n  of 
a l te rn a t iv e s ,  or p e rm its  o n ly  c e r ta in  sequences to o c c u r ,  where 
sequence  and a lte rn a t iv e  denote  e i th e r  re fe re n c e  tem p la tes  or o th e r  
sequences and a l te r n a t iv e s .  T h e  a lg o r i th m  w h ich  d e te rm in e s  the set of 
a l te rn a t iv e s  or set o f  p e rm is s ib le  tem pla tes  is se p a ra te  from the two 
level a n a ly s is  a lg o r i th m  p r o p e r .  T h e  fu n c t io n  o f th e  c o n s t ra in t  
a lgo r i thm  is to p r o v id e  a set o f p e rm i t te d  tem pla tes w h e n eve r  re q u i re d  
b y  the second level a n a ly s is  a lg o r i th m .  T h a t  set is th e n  used in  the 
o p e ra t ion  o f the h e u r i s t i c  a n a ly s e r  to  choose the  b e s t  f i t t i n g  sequence 
o f tem p la tes .  T h e  a lg o r i th m  is lo g ica l ly  separa te  f ro m  the ana lys is  
p ro c e d u re ,  excep t w h e re  and w hen the  p e rm is s ib le  set is de l ive re
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T he  in te rn a l  s y n ta x  re p re s e n ta t io n  is as an a cyc l ic  d i re c te d  g ra p h  and 
in the c u r r e n t  SDA system th e  r e le v a n t  sets o f  tem pla tes  are de te rm ined  
b y  p a rs in g  th is  n e tw o rk  b y  a L L  p a r s in g  a lg o r i th m  in s y n c h r o n y  w ith  
the  main a n a lys is .  (See d is c u s s io n s  in  L e i th  1983; Fu 1977, 1974;
DeMori 1977; Le w is  and S te a rn s  1968.)
T h e re  are two ways o f t a c k l in g  the in te rm e d ia te  re p re s e n ta t io n  
ne tw o rk  p a rs in g :  p e r fo rm in g  th e  a n a ly s is  e i th e r  to p -d o w n  o r  b o t to m -u p ,  
th e  d i re c t io n  de te rm in e d  b y  th e  a n a ly s is  stage at w h ich  the in p u t  
symbols are in s p e c te d .  F o r  to p - d o w n  o p e ra t io n ,  such as LL  p a rs in g ,  
th e  d i f f i c u l t y  lies in d e s ig n in g  a s u i ta b le  g ram m ar such th a t  it can be 
manually t ra n s la te d  in to  a s e r ie s  of m u tu a l ly  re c u r s iv e  p ro c e d u re  ca l ls .  
On the o th e r  h a n d , an LR a n a ly s e r  needs r a t h e r  complex sta te  tab les  to 
be b u i l t ;  these can be c o n s t r u c te d  a u to m a t ic a l ly ,  g iv e n  a (s u i ta b le )  
g ram m ar. In the absence o f a p ro g r a m  to do th a t  w o rk  fo r  u s ,  the 
choice comes down on the s id e  o f L L  a n a ly s is .  T h e  so lu t io n  chosen 
here was d e te rm ined  b y  the lack  of au tom atic  means fo r  g e n e ra t in g  the 
code fo r  a L R ( n )  a n a lyse r  f ro m  the  co m b in a t io n  o f  n e tw o rk  and 
te m p la te -m a tch ing  ro u t in e s .  T h e  p o s i t io n  is more complex th a n  th is ,  
th o u g h  -  see next section fo r  how th e  need fo r  re c o g n is in g  r a t h e r  than 
accepting  te rm ina l sym bols  r e q u i r e s  a r a th e r  spec ia l ised  s o lu t io n .  T he  
opera t ion  o f to p -d o w n  s y n ta x  a n a ly s is  has been d e s c r ib e d  a lre a d y  in 
section 4 .4  in connec t ion  w i th  the  a lg o r i th m  th a t  t ra n s la te s  the  in p u t  
g ram m ar.
T h e  a lgo r i thm  here  is L L ,  im p lem ented as a re c u r s iv e  descent 
ro u t in e .  T h e  choice has im p l ic a t io n s  fo r  the  form  o f the  ru le  s y n ta x  as 
desc r ibed  in section 3 .2 .  M uch  the s 'm e c o n c e rn  is fo u n d  in the 
t ra n s la t io n  o f com p u te r  la n g u a g e s  w h e re  the  pa ra d ig m  case is the L L (1 )  
parse . K n u th  (1971) sets o u t  fo u r  c o n d i t io n s  fo r  L L ( 1 )  g ram m ars , 
subse q u e n t ly  co llapsed in to  one b y  G r i f f i t h s  ( 1974): th e  most immediate
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o f the r e s t r i c t io n s  is th e  loss o f le f t  r e c u r s io n ,  ty p ic a l ly  o c c u r r in g  in 
ru le s  o f the  fo rm :
a — > a, b ;
w here  a is a n o n - te r m in a l  sym bo l,  and b is e i th e r  te rm ina l o r  
n o n - te rm in a l .  O f  c o u rs e  w ith  th is  c o n s t r u c t io n  th e re  is no w ay  fo r  the 
a n a ly s e r ,  p a r s in g  from le f t  to r i g h t ,  to kn o w  when to choose th e  symbol 
b -  it w i l l  n e v e r  ge t t h e r e .  A n  a n a ly s e r  o f the  re c u r s iv e  d e sce n t  typ e  
used in the SDA system w i l l  ca ll  i t s e l f  in d e f in i te ly  u n t i l  the  a n a ly s is  
s tack canno t be  accommodated b y  th e  p a r t i c u l a r  im p le m en ta t io n . 
A lg o r i th m s  e x is t  f o r  au to m a t ica l ly  te s t in g  g ram m ars  fo r  L L ( n )  p ro p e r t ie s  
(B o r n a t  1979; G r i f f i t h s  1974); and o f te n  g ra m m a rs  can be r e w r i t t e n  in 
o rd e r  to p re s e r v e  th e i r  p r o p e r t ie s  o f  d e s c r ip t io n  (weak e q u iv a le n c e )  
w h ile  c o n fo rm in g  to LL  ( n )  c o n d i t io n s .  A n  example o f such  a te c h n iq u e  
is the  e l im in a t io n  o f le f t  re c u rs io n  h y  r e w r i t i n g  the  o r ig in a l  p ro d u c t io n  
u s in g  e i th e r  r i g h t - r e c u r s i o n  o r i te ra t io n  ( B o r n a t  1979, 2 8 1 ) .
T h e  c u r r e n t  SDA im p lem enta tion  is more complex than  ju s t  a 
re c u r s iv e  p ro c e d u r e .  R e c u rs iv e  descen t is o n ly  app licab le  to  p ro c e d u re  
a c t iv a t io n  w i th in  a c o m p u te r  p ro g r a m ,  w hereas  the  SDA sys tem  uses a 
c o n s t r a in in g  g ram m ar w h ic h  is no t s t r i c t l y  p a r t  o f the  c o m p u te r  
p ro g r a m .T h e  so lu t io n  u s e d  he re  is to  s im u la te  the  o p e ra t io n  o f  the 
re c u r s iv e  d escen t p a r s e r  b y  an in t e r p r e t i v e  to p -d o w n  a n a ly s is  of a 
g ra p h  ( i n  th is  case, th e  node n e t w o r k ) .  A n  in t e r p r e t i v e  to p -d o w n  
a n a lys is  is p e r fo rm e d  b y  the main a n a ly s is  ro u t in e  fo l lo w in g  th e  l in k s  
be tw een  nodes in  the g ra m m a r re p re s e n ta t io n  n e tw o r k .  (A f u l le r  
d is c u s s io n  o f t h i s  a p p ro a c h  used in  a r e s t r i c t e d  way fo r  c o m p u te r  
languages can be  fo u n d  in B o r n a t  1979 c h a p te r  16.) T h is  p a r t i c u l a r  
im p lem enta tion  uses n - a r y  nodes in  the g r a p h ,  r a t h e r  than  th e  b in a r y
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nodes u s u a l ly  advoca ted ; th is  saves o n  the d u p l ic a t io n  o f  c o n t r o l  
in fo rm a t io n ,  and w ith  the use o f v a r ia b le  size a r r a y s ,  w i l l  be even more 
e f f ic ie n t  and com pact. T h e  s im u la t ion  o f the to p -d o w n  a n a ly s e r  is 
e f fe c te d  h y  t ra c in g  the in te rm e d ia te  n e tw o r k ,  fo l lo w in g  in d ica te d  
dependenc ies  be tw een  nodes. T h e  t r a c in g  is p e r fo rm e d  b y  a re c u r s iv e  
p ro c e d u re  w h ich  is ca lled at each t r a n s i t io n  b e tw e e n  nodes. ( T h is  
stage is mentioned b y  B o r n a t  79, c h a p t e r  16, in p a s s in g ,  in co nnec t ion  
w ith  u s in g  a BNF d e s c r ip t io n  as 'p ro g ra m m in g  in B N F ' . )  T h is  c o n tra s ts  
w ith  th e  usual method o f e x p l i c i t l y  s ta c k in g  and u n s ta c k in g  th e  g ra p h  
p o in te r s  on se p a ra te ly  c o n s t r u c te d  d a ta  s t r u c t u r e .  B y  u s in g  a 
( r e c u r s iv e )  ca ll  of the an a lyse r  at ea ch  fo l lo w -u p  of a n e tw o rk  add ress , 
the  p ro g ra m  uses the Pascal r u n - t im e  stack fo r  re ta in in g  the c u r r e n t  
a n a ly s is  in fo rm a t io n ,  and so uses t h a t  language 's  mechanisms fo r  the  
s ta c k in g  and u n s ta c k in g .  A l l  s tack management is p e r fo rm e d  b y  the 
Pascal ru n - t im e  system , so m aking f o r  a s im p le r  and e f f ic ie n t  p a rs in g
ro u t i  ne .
A h e u r i s t i c  p r o c e d u r e  f o r  c o n n e c t e d  r e c o g n i t i o n
In  the absence of a fu l ly  o p t im a l  DP a lg o r i th m  fo r  c o n te x t  f re e  
s t r u c t u r e s  the  connected  re c o g n i t io n  a lg o r i th m  uses  a h e u r i s t i c  
p ro c e d u re  based on the p a th  r e s t r i c t i o n  method o f  so lv in g  
c o m p u ta t io n a l ly  im prac t ica l DP p ro b le m s .  T h e  method is d e s c r ib e d  b y  
N orm an ( 1972) and was f i r s t  d e s c r ib e d  b y  D u r l i n g  (1969, c i te d  b y  
N o rm a n ) .  It resembles the h i l l - c l im b in g  method o f  many op t im isa t io n  
s t r a te g ie s  and it may be  re l ied  u p o n  to d e l iv e r  a good to near optimal 
s o lu t io n .  T h e  p ro c e d u re  is in fo rm a l ly  d e s c r ib e d  (N orm an 1972, P 19) :
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Take a p a th ,  th a t  is ,  a sequence  of s ta te s ,  one fo r  each s tage , 
and in su cc e s s iv e ly  e v a lu a t in g  the  fu n c t io n a l  e q u a t io n  at each 
stage, examine o n ly  s ta tes  in the  n e ig h b o u rh o o d  o f the  sta te  on 
the p a th ,  im p ro v in g  the  p a th  i f  p o s s ib le .  I f  an im proved  p a th  
can be  fo u n d ,  re p e a t  the  p ro c e s s ,  c o n s id e r in g  on ly  those s ta te s  
in the  n e ig h b o u rh o o d  o f the  im p ro ve d  p a th ,  u n t i l  no f u r t h e r  
im provem ent can be  made
The  d is a d v a n ta g e  w i th  the  m ethod is th a t  th e  a lg o r i th m  may la tc h  onto  a 
local op t im um ; the c o r r e s p o n d in g  s u b -o p t im a l  time re g is t r a t io n  p a th  here 
would c o n s is t  o f  a s e r ie s  o f sadd le  p o in ts  r u n n in g  a longs ide  th e  optimal 
s o lu t io n .  T h e  a d v a n ta g e ,  a p a r t  from the  absence o f o th e r  a p p ro a ch e s ,  
is th a t  a good in i t ia l  e s t im a t ion  o f pa th  re d u c e s  the  chance th a t  the 
a lg o r i th m  se tt le s  on a local o p t im u m . A good estim ate is a c h ie ve d  b y  
choos ing  an a p p ro p r ia te  s y n ta x  and u s in g  r e a l is t ic  re fe re n c e  tem p la tes .
T h e  p a th  r e s t r i c t io n  m ethod o pe ra tes  in  SDA b y  se le c t in g  the  best 
score r e t u r n e d  from  th e  tem p la te  level fo r  a ra n g e  o f  e n d p o in ts ,  
c o n t in u in g  th i s  p r o c e d u r e  fo r  a l l  success ive  tem plate  c o l lo c a t io n s .  The  
range  o f e n d p o in ts  is chosen to  lie a ro u n d  the  o r ig in a l  tem pla te  le n g th .  
T h e  succe sso r  tem p la te  b e g in s  at the e n d p o in t  c o r r e s p o n d in g  to  the 
minimum score and th e  p ro c e s s  is re p e a te d .  T h e  ro u t in e  is im ple 
as a r e c u r s iv e  p r o c e d u r e  in  S D A ;  the  o p e ra t io n  e f fe c t iv e ly  fo rm s  a tree  
s t r u c t u r e  o f s in g le  tem pla te  DP matches w i th  a ra n g e  o f s ta r ts  and 
ends . D u r l i n g  r e f e r s  to  the  r e s t r ic t e d  p a th  th r o u g h  success ive  po l icy  
es t im at ions  o f  th is  m ethod as a ' tu b e 1; w i th in  the  tu b e ,  the scores  
r e s u l t in g  from  all p o s s ib le  e n d p o in ts  a re  e v a lu a te d .  With a w id e  enough 
ra n g e  o f e n d p o in ts ,  th is  m ethod is id e n t i f ie d  w ith  the  method o f  
e x h a u s t iv e  e v a lu a t io n  d is c u s s e d  in sec tion  5 .4 ;  the  ¡ „ p r a c t i c a l i t y  of 
e x h a u s t iv e  e v a lu a t io n  fo r  a n y th in g  more th a n  a small num ber o f  po l icy
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states fo rc e d  the  in t ro d u c t io n  of DP in th e  f i r s t  p lace.
T h e  f u l l  sp e c if ica t io n  o f the  p ro c e s s  is g iv e n  in the Pascal code of 
appendix  A 5 .  T h is  e x p a n d s  on the b a s ic  no tion  th a t ,  fo r  tem plate  m, 
of length  f m ( l ) ,  s ta r t in g  from  p o s i t io n  a o f the P F V S , w ith  a pa th  
re s t r ic t io n  n e ig h b o u rh o o d  size o f 2 k .  th e  s ing le  template DP match ing
rou t i  ne
DP [te m p la te  . s t a r t  ,s to p )
w hich r e t u r n s  a match e r r o r  score a f t e r  time a lignm en t is used  in the 
m inim isation o f
DP ( tm . n . i )
where / ra n g e s  o ve r  the p a th  r e s t r i c t io n  n e ig h b o u rh o o d  f ro m  t n [ \ ) - k  to 
i m (l)+fc, f o r  each success ive  m a tch ing  o f  t m w h e re  t m is a member of 
the class o f  p e rm is s ib le  tem p la tes . I t  can be  seen tha t th e  pa th  
re s t r ic t io n  m ethod is u n s u i ta b le  due to  to the  amount of co m p u ta t io n  fo r  
la rge n e ig h b o u rh o o d  sizes and fo r  lo n g  sequences o f tem p la tes .
H ow ever, t h i s  method is adequate fo r  a v e r y  l im ited  g ra m m a r of the 
type  p ro p o s e d  here  , and fo r  o r e s t r i c t e d  n e ig h b o u rh o o d  size of the 
o rd e r  o f th e  DP ad jus tm ent w indow s iz e .
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6 .2  N u c le a r  t o n e  a n a ly s i s  a n d  c l a s s i f i c a t i o n  
S in g le  t e m p la t e  a n a l y s i s
T h e  SDA system  was u s e d  in a s in g le  template an a lys is  and 
C lass i f ica t ion  e x p e r im e n t .  T h i s  was e q u iv a le n t  to u s in g  a r e s t r ic te d  
form o f s y n ta x  in  S D A ,  w h e re  the  s y n ta x  in v o lv e d  is in the  choice o f 
p r im a r y  tone c a te g o r y  most a p p ro p r ia te  as a d e s c r ip t io n  of the test 
u t te ra n c e ,  r a t h e r  than  tone c o l lo c a t io n .  T h e  a d d it io n  o f  a t r a in in g  
p ro ce ss  to d e te rm in e  the  most su i ta b le  re fe re n c e  tem pla tes t ra n s fo rm s  
the system o p e ra t io n  he re  in to  a s imple re c o g n i t io n  e x p e r im e n t .  A 
da tabase of 400 s in g le  s y l la b le  u t te ra n c e s  was u se d .  T h e  system was 
t r a in e d  on a se le c t io n  o f samples and th e n  set to c la s s i fy  the  re m a in in g  
samples w i th in  th e  database as b e lo n g in g  to one o f the  f iv e  tone 
c lasses . T h is  was repea ted  f o r  a n u m b e r  o f d ynam ic  p ro g ra m m in g  
w indow  le n g th s ,  f o r  b o th  s p e a k e r  d e p e n d e n t  and in d e p e n d e n t  
re c o g n i t io n  modes, and fo r  w e ig h te d  and u n w e ig h te d  d ynam ic  
p ro g ra m m in g  d is ta n c e  m easures .
S a m p le  p o p u l a t i o n  a n d  P F V S  s e le c t io n
T h e  two da tabases  use d  fo r  t r a in in g  and c la s s i f ic a t io n  p a r t i t io n e d  
a set o f 400 speech u t te ra n c e s  from fo u r  male B r i t i s h  E n g l is h  s p e a k e rs .  
T h e  samples c o n s is te d  o f f i v e  r e p e t i t io n s  o f  each o f the  f iv e  H a l l id a y a n  
to n e s  spoken on each o f  f o u r  s y l la b le s .  T h e  samples are denoted  in  the 
fo l lo w in g  way in  th is  th e s is :
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c t o n e x s y l  la b le > < re p e t i t io n >  . < sub ject id . >
where tone ranges  from  1 to 5
sy l la b le  ranges  from  A to D
r e p e t i t io n  ranges  from  1 to 5 
sub jec t  ranges  th r o u g h  D L , S D ,  P T ,  DM
The samples w e re  taken u s in g  the L a r y n g o g r a p h  mode o f  the 
p re p ro c e s s o r .  T h e  su b je c ts  were p r o m p te d  to speak w i th  the sp e c i f ie d  
in to na t ion  b y  a s k in g  fo r  the  samples to b e  spoken 'as a s ta tem en t ',  'as a 
qu e s t io n ',  'w e a k ly ' ,  'w i th  re s e r v a t io n ' ,  'w i t h  em phasis '.  T h e  p ro m p ts  
were based on th e  semantic fu n c t io n  labe ls  used in the  in to na t ion  
pe rce p t io n  e x p e r im e n ts  of section 3 .4  as th e se  c le a r ly  have re le va n ce  to 
the p e rc e p t io n  o f  13 r i t i s h  E n g l is h  in to n a t io n  and also a llows a d i r e c t  
comparison to h e  made be tw een p e rc e p t io n  and p r o d u c t io n  u n d e r  s im ila r  
task  in s t r u c t io n s .  T h e  labels were
1. s ta tem ent
2. q u e s t io n
3. weak s ta tem ent
4 .  re s e rv a t io n
5. em phatic  s ta tement
T h e  sub jec ts  r e q u i r e d  l i t t le  p ro m p t in g  to  p ro d u c e  n a tu r a l  so u n d in g  
s tre tc h e s  o f u t te r a n c e .  T h e  c a r r ie r  s y l la b le s  had to  have c o n t in u o u s  
v o ic in g  fo r  most of the  e x te n t  of the u t t e r a n c e  and th e y  were chosen to 
be n e u tra l  and common enough  to o ccu r  in  in fo rm a l c o n v e rs a t io n ,  it was 
decided th a t  t h i s  would g iv e  the the b e s t  chance o f  n a tu r a l  in to n a t io n  
be in g  used . T h e  sy l lab les  were
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4 .  well
T he  t h i r d  s y l la b le  is in t e r e s t in g  in  th a t  the  segmenta l level in fo rm a t io n  
is n o n -e x is te n t  -  all the  l in g u is t i c  in fo rm a t io n  is c o n ve ye d  b y  the 
in to n a t io n .  T h e  f o u r th  s y l la b le  also c o n v e y s  l i t t le  at the  segmental 
le v e l ,  its use in  in fo rm a l c o n v e rs a t io n  b e in g  almost e x c lu s iv e ly  
r e s t r ic t e d  to  th a t  of in to n a t io n  c a r r i e r .  ( T h is  is d e s c r ib e d  as a m inor 
sense of w e ll b y  the  S h o r t e r  O x f o r d  E n g l i s h  D ic t io n a r y :  'Em ployed 
w i th o u t  c o n s t r u c t io n  to in t r o d u c e  a re m a rk  . . . f r e q u e n t ly  used 
m ere ly  as a p r e l im in a r y  o r  re s u m p t iv e  w o r d ' . )  T h e  f i r s t  two sy l la b le s  
are  re p r e s e n ta t iv e  o f u t t e r - n c e s  th a t  c o n v e y  meaning at the segmental 
leve l ;  d i re c t  p ro p o s i t io n a l  o p p o s ite s  w e re  chosen in  o rd e r  to cancel out 
any semantic g e s tu r e  im p l ic i t  in the  c a r r i e r  s y l la b le s .  T h e  speake rs  
re p o r te d  no g r e a t  d i f f i c u l t y  in p r o d u c in g  accep tab le  u t te ra n c e s  fo r  any 
o f the c a r r ie r s  de sp ite  th e  ra n g e  and d is p a r i t y  o f  the  ty p e s  and 
fu n c t io n s  o f th e  s y l la b le s .
T h e  r e le v a n t  se c t ions  o f th e  p re p ro c e s s e d  d a ta  were se lected b y  
an autom atic  r o u t in e .  A n y  au tom atic  se lec t ion  is a com prom ise, and 
such  it is in e v i ta b le  th a t  some o f  the PFVS w ere  not as good as i f  th e y  
been selected in d i v id u a l l y .  A g a in s t  t h a t  c r i t i c is m ,  it can be he ld  th a t  
manual se le c t io n  in v o lv e s  the  c o n s ta n t  re s e t t in g  o f  the se lec t ion  c r i t e r ia  
th i s  is in a p p r o p r ia te  fo r  an au tom atic  re c o g n is e r .  T h e  c r i t e r i a  dec ided  
on used a smoothed c o p y  o f th e  CFO measure o f the  PFVS to dec ide  on 
the  reg ion  o f  h ig h  c o n f id e n c e  c o r r e s p o n d in g  to good estim ates o f FO. 
T h e  sm oo th ing  was a v e r a g e - o f - f o u r  an d  the th re s h o ld  was 30 on the
fro m  0 to 100. A l l  estim ates w i th ins e l f -n o rm a l is e d  CFO scale r a n g in g
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the f i r s t  p o in ts  o f e x c e e d in g  and fa l l in g  be low  the th re s h o ld  were 
assumed to  be the  d e s ire d  re g io n .  T h e  unsm o o th e d  CFO va lues  were 
used in the  s u b s e q u e n t  ana lys is  and c la s s i f ic a t io n .  P re l im in a ry  tes ts  
showed th a t  these p a ra m e te rs  y ie ld e d  acce p ta b le  re s u l ts .  F ig u re s  5.2 
to 5.6 show the b o u n d s  selected in th is  w a y ; in sp e c t io n  o f the p lo ts  
suggests th a t  th is  method w ou ld  be h a rd  to b e t t e r ,  even b y  manual 
selection.
C la s s i f ie r  t r a i n i n g  a n d  p e r f o r m a n c e
T h e  c la s s i f ie r  was t r a in e d  b y  se le c t in g  a set o f f iv e  re fe re n c e  
templates, each o f  w h ich  minim ised the  sum o f  the in t ra -c la s s  d is ta n ce  
fo r  the re s p e c t iv e  c lasses u s in g  the  d yn a m ic  time w a rp in g  e r r o r  as a 
measure o f sa m p le - to -sam p le  d is ta n c e .  In p r a c t i c e ,  fo r  any one sample 
th is  in v o lv e d  the  summ ing o f all the scores f o r  m atch ing  w ith  a ll  o th e r  
t ra in in g  samples in  i ts  c lass .  F ive  re fe re n c e  tem plates were chosen in 
th is  way fo r  the  c la s s i f ie r  e v e ry  time a c h a n g e  was made in one the 
SDA system p a ra m e te rs .  T h e  se lection fo r  each  class was on e ig h t  
samples fo r  the  s p e a k e r  d ependen t mode; ta b le s  6.1 to  6 .4  g iv e  the 
re fe rence  tem pla tes selected fo r  a ra n g e  o f ad ju s tm e n t w indow le n g th s  
fo r  the fo u r  s u b je c ts .  I t  can be seen th a t  th e r e  is l i t t le  v a r ia t io n  o ve r  
the ad jus tm ent w indow  p a ra m e te r  fo r  all the  s u b je c ts ,  and what 
d i f fe re n c e s  in se lec t ion  e x is t  are fo u n d  on th e  ex trem a o f the w indow  
range ( in d ic a te d  b y  i ta l ics  in the ta b le s ) .  T h i s  su g g e s ts  th e re  is a 
s te a d y -s ta te  re g io n  fo r  r - 3 to r=4 in re s p e c t  to speaker dep e n d e n t 
t ra in in g ;  it can be  seen from  the c la s s i f ic a t io n  e x p e r im e n ts  be low  tha t 
there  is no m easurable  im provem ent in the  re c o g n i t io n  scores f o r  r > 3 .
T h e  se lec t ion  fo r  each class fo r  the in d e p e n d e n t  mode was on 33 
samples ( i n c lu d in g  the one s y n th e t ic  PFVS d e s c r ib e d  in  section 3 . 4 ) .
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r 1 2 3 U 5
1 1132 2D2 3D2 4B1 5B1
2 102 2D2 3F3 2 4B1 5B 1
3 1 D 1 2C1 3132 48 1
5B1
4 1D 1 2C1 3B2 4B1 5B1
5 1C I 2C1 3132 4B 1
5B1
6 1C I 2C1 3B2 4B 1 5B1
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r 7 2 3 4 5
1 W 1 202 3D 1 4D2 50 7
2 1A 2 201 3D 1 4D2 5D2
3 1A 2 2B2 3D 1 4D2 5D2
4 1A2 2B2 3D 1 4D2 5D2
5 1A 2 2B2 3D 1 4D2 5D2
6 1A2 2B2 3D 1 4D2 507
T a b le  6 .4  R e fe re n ce  tem pla tes se lec ted  fo r  s p e a k e r  4
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r 7 2
1 ID I 2D2
2 1A 2 2D1
3 1A 2 2B2
4 1A 2 2B2
5 1A 2 2B2
6 1A2 2B2
3 4 5
3D 1 4D2 513 1
3D 1 4D2 5D2
3D 1 4D2 5D2
3D 1 4D2 5D2
3D 1 4D2 5D2
3D 1 4D2 5131




tone w e ig h te d u n w e ig h te d
1 1B 2 .D L 1B 2 .D L
2 2C 2.PT 2 C 2.P T
3 3C1.DM 3C 1.D M
4 4D2.DM 4D 2.D M
5 5 B 1 .D L 5 B 1 .D L
Tab le  6 .5  R e fe re n c e  tem pla tes se le c te d  s p e a k e r in d e p e n d e n t mode
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The re fe re n c e  tempi i te s  fo r  r - 3 are g iv e n  in  tab le  6 .5 .  T h e  speaker 
dependent t r a i n i n g  (a n d  the  c la s s i f ic a t io n ,  be low ) appears  to  s tab i l ise  at 
a round  the w in d o w  le n g th  o f 3 so it was de c id e d  to  t r a in  the  
independen t mode fo r  th a t  v a lu e .  ( T h e  c o r r e s p o n d in g  e x h a u s t iv e  t r ia l  
over r  w ou ld  h i v e  r e q u i r e d  s e v e ra l  h u n d r e d  h o u rs  o f c o m p u te r  t im e .)
T h e  c la s s i f ic a t io n  o f the tes t  samples was ach ie ve d  b y  c a lc u la t in g  
the DTW d is ta n c e  from  each o f  the f iv e  re fe re n c e  samples and  choos ing  
the minimum as in d ic a t in g  c la ss  m e m b e rsh ip .
S p e a ke r d e p e n d e n t re c o g n it io n . T he  e f fe c t  o f v a r y i n g  the ad ju s tm e n t 
w indow le n g th  on c la s s i f ic a t io n  p e r fo rm a n c e  is g iv e n  in ta b le  6 .6 ;  th is  
is the o v e ra l l  p e r fo rm a n c e  a ve ra g e d  o v e r  th e  f iv e  tones, each score 
re p re s e n ts  th e  c la s s i f ie r  p e r fo rm a n c e  fo r  60 tes t samples. I t  can be 
seen th a t  t h e r e  is a s l i g h t ,  b u t  c o n s is te n t ,  im provem en t f ro m  r=1 to 
r= 3 ,  t h e r e a f t e r  le v e l l in g  o u t .  T h e  p e r fo rm a n c e  f o r  b o th  s u b je c ts  can be 
d e sc r ib e d  as good in  co m p a r iso n  w ith  o th e r  speech re c o g n is e rs ,  
c o n s id e r in g  th a t  th is  system o p e ra te s  on b a s ic  u n i t s  o f speech w ith  no 
adaption  or access to o th e r  k n o w le d g e  so u rc e s .  T h e  b re a k d o w n  fo r  
p e r fo rm a n c e  w i th in  tone c a te g o r ie s  is g iv e n  in ta b le  6 .7 ;  s im i la r  t re n d s  
can be o b s e rv e d  as w ith  the  a ve ra g e d  p e r fo rm a n c e ,  no c la ss  e xce p te d ,  
b u t  w ith  t h r e e  c lasses, one, tw o  and fo u r  a c h ie v in g  a c o n s is te n t ly  
h ig h e r  s c o re .
S p e a ke r in d e p e n d e n t re c o g n it io n .  T h e  c la s s i f ic a t io n  scores fo r  the  f ive  
tones u s in g  th e  sp e a ke r in d e p e n d e n t  mode o f o p e ra t io n  is g iv e n  in table 
6 .8 ,  each s c o re  the r e s u l t  o f 240 c la s s i f ic a t io n s .  T h e  ta b le d  scores are 
fo r  a w in d o w  le n g th  o f  3, f o r  b o th  CFO w e ig h te d  and u n w e ig h te d  DTW 
d is tance  m e a su re .  T h e  sc o re s  are s im i la r ,  p e rh a p s  s h o w in g  th a t  the 
CFO w e ig h t as a c o n f id e n c e  m easure  on th e  F0 es tim ate  is n o t  a 
s ig n i f ic a n t  fa c to r  w hen the  FO is c o n t in u o u s .  F o r  all the  se lected  PFVS 
used as sam ples in these e x p e r im e n ts ,  the  FO h ad  a h ig h  co n f id e n c e
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3 89 .9 76.6
4 89 .9 76.6
T a b le  6 .6  E ffe c t o f  w indow  le n g th  on s p e a k e r d e p e n d e n t 
re c o g n it io n  scores
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2 3 4 5
91 .7 83.3 25.0 91 .7
91 .7 72.7 83.3 91 .7
91 .7 72.7 83 .3 91 .7
91 .7 72.7 83.3 91 .7
91 .7 75.0 58.3 50.0
91 .7 75.0 58.3 50.0
100.0 75.0 58.3 50.0
100.0 75.0 58.3 50.0
T a b le  6 .7  S p e a k e r d e p e n d e n t re c o g n itio n  sco re s
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tone
w e ig h tin g
yes nc
1 56.2 56.2
2 70.8 75 .0
3 63.8 63 .8
4 64.6 64 .6
5 60 .4 66 .7
T a b le  6 .8  S p e a k e r in d e p e n d e n t re c o g n itio n  scores (o v e r a ll)
C hap te r 6
tone
s u b je c t
7 2 3 U 5
1 100.0 9 1 .7 63.6 9 1 .7
75 .0
2 8 3 .3 100.0 100.0 7 5 .0
91.6
3 9 1 .7 6 6 .7 25.0 91 .7
83.3
9 0 .0 7 5 .0 66.7 50 .0
91.6
re fe re n c e 1 B 2 .D L 2 C 2 .^ T 3C 1.D M 9 D 2.D M
5B1.C
T * b le  6 .9  S p e a k e r in d e p e n d e n t re c o g n it io n  sco res  (w e ig h te d )
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s u b je c t
1 2
1 100.0 41.7
2 83 .3 100.0
3 41 .7 66.7
4 0 .0 75.0
re fe re n c e 1B 2 .D L 2C 2.PT
tone
3 4 5
6 3 .6 91 .7 75.0
100.0 75.0 50.0
2 5 .0 41 .7 83.3
6 6 .7 50.0 58.3
3C 1.D M 4D 2.D M 5 0 1 .DL
T a b le  6 .10  S p e a k e r in d e p e n d e n t re c o g n it io n scores ( u n w e ig h te d )
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measure. T h e  scores a re  g e n e ra l ly  a good deal low er th a t  those fo r  the 
dep e n d e n t mode; th is  w a s  to be  e x p e c te d .  A b re a k d o w n  of these  
scores across the  fo u r  s p e a k e rs  is g iv e n  in tab les  6 .9  (w e ig h te d )  and 
6 .1 0  (u n w e ig h te d )  to g e t h e r  w i th  th e  id e n t i f ic a t io n  o f  the  se lected 
re fe re n c e  tem p la tes .  T h e  scores  h e re  show less c o n s is te n c y ,  the  tones 
from  some spe a ke rs  c o m p le te ly  m isc la ss i f ie d  th r o u g h o u t ,  and th e  tones 
from  the  sub jec t p r o v i d i n g  th e  re fe re n c e  tem plate  a c h ie v in g  h ig h e r  th  n 
ave rage  c la s s i f ic a t io n .  T h e  o v e ra l l  sco res  fo r  all s p e a k e rs  and all tones 
were 63.2% (w e ig h te d )  a nd  64.4% ( u n w e ig h t e d ) ;  th a t  com pares w ith  the
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6 .3  C o n n e c t e d  u t t e r a n c e  p e r f o r m a n c e
T h e  SDA a n a ly s e r  was r u n  in  the  con n e c te d  a n a ly s is  mode 
d e s c r ib e d  in se c t io n  6.1 as an in d ic a t io n  o f how tem p la te  collocation 
cou ld  be  h a n d le d  in  au tom atic  re c o g n i t io n .  Samples o f  the  two p a r ts  of 
t u .  mjnjmaj p a i r  ana lo g y  o f tab le  3.1 w ere  d ig i t i s e d  and p rep ro cesse d  as 
d e s c r ib e d  above . T h e  sample d u r a t io n  was two seconds and the  in i t ia l  
le a d - in  of s i lence  was e x c lu d e d  to  w i th in  50 ms o f  th e  f i r s t  F0 trace  as 
d e te rm in e d  b y  th e  autom atic  se le c t io n  p ro c e d u re  o f 6 . 2 .  T he  u t te ra n c e s  
w ere
L e f t  f o r  I t a ly .
L e f t  fo r  / fa ly ?
w ith  the  n u c le a r  F 0  movement e x p e c te d  on the  f i r s t  sy l la b le  of I t a ly .  
F ig u r e s  6.1 and 6 .2  show the  two PFVS samples in th e  same fo rm at as 
the  s in g le  tem p la te  g ra p h s  o f  f i g u r e s  5 .2  to 5 .6 ,  th e  time ax is  is 
a n n o ta te d  to show the o c c u r re n c e  o f  the segm enta l phonem es. The  
g r a p h s  are more n o is y  than  th e  s in g le  tem plate  exam p les , as exp e c te d ,  
as th e r e  are  p e r io d s  of u n v o ic e d  speech p re s e n t ;  h o w e v e r ,  the  h igh  
CFO re g io n s  w h ic h  c o r re s p o n d  to the  s y l la b ic  v o ic in g  peaks show F0 
t ra c e s  tha t are w e l l - fo rm e d  and c o n s is te n t .  T h e  t ra c e s  fo r  the  last 
sy l la b le  are in t e r e s t in g  as these  d is p la y  the  c h a r a c t e r is t ic  f a l l / r i s e  of 
th e  tone  g ro u p  n u c le u s  o b s e rv e d  in  the s ing le  tem p la te  reco g n i t io n  
e x p e r im e n ts .
T h e  c o n s t r a in in g  g ram m ar C .S Y N  used h e re  is  g iv e n  in fu l l  in 
a p p e n d ix  A 3 .  I t  p a r t i t io n s  th e  tone  g ro u p  in to  two o b l ig a to ry  elements
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1 52
10 20 10 40 50 60 10 60 90 100
T I ME ( 0 . 0 1 S )
\  I :> f t - i  r 1  c
TRXIS :SCOLE = T « (10 » » - 2  )
F ig u re  6.1 F ir s t  co n n e c te d  exam ple  FFVS
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PF VS 2
20 *0 60  60 100 120 1*0
TIME ( 0 . 0 1 5 )
\ | i  t t x r '  * '  U  \
r f l X l S : S C 0 L E  = Y « I 10 * " - 2 1 
F ig u r e  6 .2  S e co n d  co n n e c te d  exam ple PFVS
I
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PF VS 2
0 20 40 60 80 100 120 140
TIME ( 0 . 0 1 S )
\ I S f t X f i T t  ^  \
f f lXIS : SCALE :  Y » (10 ««-21
F ig u r e  6 .2  S econd  c o n n e c te d  exam ple  PFVS
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1. H ead. The p h o n e t ic  d e s c r ip t io n s  o f tone g r o u p  e lem ents  a p a r t  from  
the nuc leus  a re  v a g u e  o r  m ere ly  u n a v a i la b le .  T h e  head  element 
e xpec ted  h e re  is no e x c e p t io n :  the  l i t e r a t u r e  s u g g e s ts  th a t  the  head 
can be ana lysed  as s p a n n in g  th e  d is c o n t in u o u s  FO tra c e s  o f  the 
p re n u c le a r  s y l la b le s  ( f ro m  the  f i r s t  s t r e s s e d  s y l la b le )  to g iv e  a f l a t ,  
e x te n s ib le  FO c o n to u r .  T h e  g ram m ar use s  a tem p la te ,  T H EA D , 
taken  from th e  PFV S  o f  the  f i r s t  u t t e r a n c e  (s ta te m e n t )  u s in g  the 
se lect iona l c r i t e r i a  d e s c r ib e d .  T h is  te m p la te  was used  fo r  b o th  
examples as th e  f i r s t  ( o b l ig a t o r y )  te m p la te ;  the le f t  f o r  PFVS o f the 
s ta tem ent was m atched a g a in s t  the  f i r s t  se c t io n  o f th e  fu l l  s ta tem ent 
and the  fu l l  q u e s t io n .
2. N u c le u s . T he  g ram m ar d e s c r ib e s  the n u c le u s  as b e in g  a cho ice  from 
the f iv e  H a l l id a y a n  sim ple  to n e s .  T h e  te m p la te s  were those  used in 
the speaker in d e p e n d e n t  re c o g n i t io n  e x p e r im e n ts  fo r  a d ju s tm e n t  
w indow  size r =  2. E s s e n t ia l ly ,  the  s e le c t io n  o f the  n u c le u s  tem plate  
w i th in  the f u l l  a n a lys is  r u n  can  be r e g a r d e d  as ana logous to  the  
s in g le  tem pla te  c la s s i f ic a t io n  e x p e r im e n ts  o f  the p re c e d in g  se c t io n .
T h e  SDA sys tem  g e n e ra te s  r e s u l ts  f i le s  fo r  each a n a ly s is  r u n ;  the
fi les  fo r  the  tw o  PFV S  samples a re  g iv e n  in  tab les  6.11 and 6 .1 2 .
Severa l p o in ts  ca n  be made:
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S yn tax  D ire c te d  P r o s o d ic  A n a ly s i s  
in te rm ed ia te  code from  c l .A  and .C
speech da ta  from 
re s u l ts  to
c l  .d l
c l RES
A n a ly s is  r e t u r n s  match e r r o r  4 .8 0 3 1 28E+00 fo r  0 .9 3  seconds of 
i n p u t .
The sequence o f te rm in a l  sym b o ls  a c h ie v in g  th a t  sco re  is
t head 
t tone 1
The p h ra s e  s t r u c t u r e  as a n a lyse d  b y  the  g ram m ar is
t head ] [ n u c |eus t tone 1 ] ]
T a b le  6.11 C o m p u te r g e n e ra te d  re s u lts  fo r  f i r s t  c o n n e c te d  ru n
S y n ta x  D i re c te d  P ro s o d ic  A n a ly s i s
in te rm e d ia te  code from  c2 .A  and .C
speech  da ta  f ro m  c 2 . d l
r e s u l t s  to c2 .RES
A n a ly s is  r e t u r n s  match e r r o r  7.47301 3E+00 fo r  0 .88  seconds of 
i n p u t .
T h e  sequence o f  te rm in a l  s ym b o ls  a c h ie v in g  th a t  sco re  is
t head 
t tone  2
T h e  ph ra se  s t r u c t u r e  as a n a lyse d  b y  th e  g ram m ar is
^s igm a^pre  h e a d ^ h e a d  1 head  1 i n u c le u s  * tone  ^ ^
Tab le  6 .12 C o m p u te r g e n e ra te d  re s u lts  fo r  second c o n n e c te d  ru n
C h a p te r 6
F>FVS
tone ; 2
1 4 .8  03 1 0. 03
2 6 .552 7.473
3 5 .1 9 0 9.648
4 5.741 9.291
5 7 .482 9.145
T a b le  6 .1 3  In te rn a l d e c is io n va lues  o f  co n n e c te d  r u n s
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1. T he  a p p ro p r ia te  tem p la tes  w e re  chosen  c o r r e c t l y  fo r  the  two samples. 
T he  h e s t  c a n d id a te  sco res  f o r  each o f  the  f iv e  n u c le a r  tones d u r i n g  
the m a tch in g  f o r  b o th  ^ F V S  samples are g iv e n  in  tab le  6 .1 3 .  (T h e se  
va lu e s  were re c o v e re d  fro m  d e b u g g in g  in fo rm a t io n  from  the  a n a ly s is  
p ro g ra m  a f te r  s e t t in g  an in t e r n a l  p ro g r a m  f l a g . )
2. A p a r t  from d is p la y in g  th e  c o r r e c t  c h o ic e ,  th e y  show th a t ,  fo r  
te m p la tes ,  tone 3 was c o n s id e r e d  to  be  the  n e a re s t  to tone 1 and 
th a t  tone 4 was c o n s id e re d  th e  n e a re s t  to tone 2 .  T o nes  1, 2 and 5 
fa l l  in to  one n a tu r a l  se m a n t ic  c lass :  s ta tem ent ( o r d in a r y ,  weak and 
e m p h a t ic ) ;  tones  2 and 4 fa l l  in to  a n o th e r :  q u e s t io n  ( o r d in a r y  and 
r e s e r v e d ) .  T h e  se lec t ion  o f  the  second b e s t  h e re  w ou ld  no t r e s u l t  
in a se r io u s  m is in t e r p r e t a t io n  o f sem ant ic  g e s tu r e .  It  ap p e a rs  tha t 
the  system  b e h a v e s  as we w o u ld  e x p e c t  a l i s te n e r  to behave  in  th is  
r e s p e c t .
3. T h e  use o f a sec t ion  o f  th e  f i r s t  sample as a tem pla te  fo r  a s s is t in g  
m a tc h in g  the  second sample a p p e a rs  not to have  d e g ra d e d  th e  
s u b s e q u e n t  c la s s i f ic a t io n  o f  the  n u c le a r  tone . T h is  su g g e s ts  th a t  
u s in g  a s ty l is e d  d e s c r ip t io n  o f the  head may be  w o r th w h i le .
4. It  s h o u ld  also be  no t ice d  th a t  the n u c le a r  tem p la tes  are those  used 
fo r  th e  sp e a ke r  in d e p e n d e n t  c la s s i f ic a t io n ,  w h e re  the  o v e ra l l  
p e r fo rm a n c e  was a f a i r ,  b u t  not o u ts t a n d in g ,  63.2%. We may assume 
th a t  th e  co n n e c te d  re c o g n i t io n  task  w i l l  be more d i f f i c u l t .
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The co n c lu s io n  can be d ra w n  from  th e  p e r fo rm a n c e  o f the  SDA sy s te m  
in these tw o  ru n s  th a t  c o n n e c te d  in to n a t io n  an a lys is  may be p r a c t ic a b le .
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In t o n a t io n  d e s c r i p t i o n  as A S R  c o n s t r a i n t
Lea ( 1980) p re s e n te d  an re v ie w  o f  p ro s o d y  in au tom atic  speech 
re co gn it ion  and g iv e s  a s u b s ta n t ia l  c a ta lo g u e  o f  p ro s o d ic  fe a tu re s  
amenable to ana lys is  a nd  an accoun t o f  s e v e ra l  such a n a lys is  a lg o r i th m s ,  
bu t th e re  is no speech re c o g n i t io n  sys te m  p re s e n te d ,  o r  even a 
proposal fo r  one. P ro s o d ic  cues  are d is c u s s e d  at severa l leve ls  of 
language re p re s e n ta t io n  and o f  the  r e c o g n i t io n  p ro ce ss :
1. In d e p e n d e n t  access to aco u s t ic  e v e n ts ,  b y - p a s s in g  the  c lassica l 
a na lys is  in to  w o rd s
2. R eso lu t ion  o f a m b ig u i t ie s  in te x t  and  p u r e ly  w o rd -s e q u e n c e  
ana lyses, p r o v i d in g  s t r u c t u r a l  b r a c k e t in g  fo r  an u t te ra n c e
3. S entence ty p e  id e n t i f i c a t io n ,  and sen tence  in c lu s io n  ( s u b o r d in a t io n  
and c o o rd in a t io n )
Lea also d is c u s s e s  two a p p ro a c h e s  fo r  use in autom atic  speech 
re c o g n i t io n .  T h e  f i r s t  is to use th i s  p r o s o d ic  in fo rm a t io n  as a check  on  
an e x is t in g  a n a lys is ,  as an in d e p e n d e n t  th o u g h  secondary  sys tem . A n  
example g iv e n  is the  re a ss ig n m e n t o f l ik e l ih o o d  scores to com pet ing  
hyp o th e se s ; c a n d id a te  w o rd s  are  g iv e n  a s t r o n g e r  w e igh t if an e x p e c te d  
Fo f a l l - r i s e  does in fa c t  o c c u r .  T h e  second  method is to take  the 
p ro so d ic  a na lys is  as b e in g  o f equa l im p o r ta n c e  to the  segmental and 
lexical a n a ly s is ,  in e f fe c t  c re a t in g  a p a ra l le l  re c o g n i t io n  p ro ce ss  w ith  i t s  
own access to a co u s t ic  e v e n ts  and i ts  ow n  s y n ta x .  Lea summarises th e  
c u r r e n t  p o s i t io n  on p r o s o d ic  a n a ly s is  in  speech re c o g n i t io n  b y  
s u g g e s t in g  tha t t e s t in g  the  use o f  p ro s o d ie s  b y  means of a 
p ro s o d ic s -o n ly  re c o g n is e r  (Lea  1980, p 2 0 1 ) .
T h e  SDA system  d e s c r ib e d  in  t h i s  th e s is  is ju s t  such a
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reco g n ise r .  In th e  c o u rs e  o f b r i n g in g  to g e th e r  and o p e ra t in g  the  
complete system , s e v e r a l  c o n c lu s io n s  have  been re a ched :
1. In to n a t io n  p h e n o m e n a  is amenable to  l in g u is t ic  d e s c r ip t io n
2. Such a d e s c r ip t i o n  can be  used in  c o n s t r a in in g  speech re c o g n i t io n
3. T h e  bas ic  s y s te m  o f  n u c le a r  s y l la b le  in to n a t io n  is more complex 
than  a b i n a r y  f a l l / r i s e  o p p o s i t io n ;  th e  n u c le a r  in to n a t io n  ty p o lo g y  
should  deal w i t h  about f i v e  to n e s ,  c lose ly  modelled on H a l l id a y 's  
scheme
4. C la ss i f ica t io n  p e r fo rm a n c e  is g e n e ra l ly  in s e n s i t iv e  to  DTW 
ad justm ent w in d o w  v a r ia t io n s  a f t e r  some D TW .
5. T h e  p i tc h  m ovem ent on to n e t ic  s y l la b le s  is p e rc e iv e d  c a te g o r ic a l ly
6. C o n t in u o u s  u t t e r a n c e  p ro s o d ic  a n a ly s is  is p o s s ib le  to  a l im ited  
e x te n t
T h e  SDA s y s te m  may be  c o n s id e re d  an e x te n s io n  o f c u r r e n t  
speech re c o g n i t io n  sys tem s in two major re s p e c ts :
1. A s  it s ta n d s ,  it is a p r o s o d ic s - o n ly  re c o g n is e r  in th e  sense of 
Lea's comment above . In  th a t  re s p e c t  it has  been u s e d  to 
recogn ise  th e  p re s e n c e  o f  fo rm a l p a t t e r n s  in  the p ro s o d ic  fe a tu re s  
o f speech.
2. In its  h e u r i s t i c  tw o - le v e l  d y n a m ic  p ro g ra m m in g  tem pla te  m atch ing  
it a p p ro a ch e s  the  o p e ra t io n  o f  c u r r e n t  c o n n e c te d  w o rd  re c o g n i t io n  
s t ra te g ie s  d e s c r ib e d  in the  l i t e r a t u r e .
With re g a rd  to th e  second p o in t ,  t h is  system  is c lose ly  e q u iv a le n t  to 
these o th e r  s y s te m s  in the  m a tch in g  a lg o r i th m s  and in the  concep t o f a 
tw o - leve l m a tch in g  p ro c e s s .  H o w e v e r ,  those  sys tem s have  made no
Chapter 7 163
explic it  re fe re n c e  to th e  c lass o f  s y n ta c t ic  c o n s t r a in t s  imposed upon  the 
selection o f  tem plates in re c o g n i t io n  (Sakoe 1979), o r  have chosen to 
use a weak c lass of g ra m m a rs  such  as f i n i t e - s t a t e  g ra m m a rs  to hand le  
language phenomena ( B r i d le  1983). T h e  SDA sys te m  c u r r e n t l y  employs 
a class o f g ram m ars  w h ic h  are  o f th e  c o n t e x t - f r e e ,  p h ra s e  s t r u c t u r e  
type of w h ich  f i n i t e - s t a te  g ra m m a rs  are  a spec ia l c la ss .
F u tu r e  d i r e c t i o n s
Proposals fo r  f u r t h e r  w ork  in c lu d e :
C o n tin u a tio n  o f  th e  p ro s o d ic s -o n ly  a n a ly s is  d e s c r ib e d  h e re , b u t  w ith  the  
in tro d u c t io n  o f  s p e a k e r n o rm a lis a tio n  in  the  f re q u e n c y  d im e n s io n . T h is  
would in v o lv e  a tw o -d im e n s io n a l  d y n a m ic  p ro g r a m m in g  a lg o r i th m  to 
n o n - l in e a r ly  w a rp  b o th  the  time scale and the  f r e q u e n c y  scale o f the 
matched tem p la tes .  S uch  as scheme as been p ro p o s e d  fo r  sp e c tra l  
templates (Moore 1979) and im p lem ented  in iso la te d  w o rd  re c o g n i t io n  
(Paliwal and A in s w o r t h  1984). In  th e  case o f f r e q u e n c y  spec trum  
re p re s e n ta t io n s  o f  speech the  in fo rm a t io n  c o n ta in e d  in  the f r e q u e n c y  
d imension is l in g u is t ic a l ly  s ig n i f i c a n t ;  w ith  in to n a t io n  th e re  may be less 
l in g u is t ic  in fo rm a t io n  c o n ta in e d  in  th e  abso lu te  FO va lu e s  o f a section of 
c o n to u r .  A poss ib le  h y p o th e s is  is th a t  a m a tc h in g  a lg o r i th m  would 
th e re fo re  a lign  f r e q u e n c y  va lu e s  in  template and  d a ta ,  e f fe c t iv e ly  
n o rm a lis ing  the  d a ta ,  w i th o u t  d i s t o r t i n g  the p h o n o lo g ic a l  c o n te n t  as may 
happen w i th  f r e q u e n c y  s p e c t ra .  T h e  im p lem en ta t ion  cos t o f such a 
scheme w ou ld  he  minimal as the  re p r e s e n ta t io n  f ra m e s  in q u e s t io n  are 
s ingle v a lu e s .
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A d d in g  the  FO and  CFO in fo rm a t io n  to an e x is t in g  re c o g n itio n  a lg o r ith m  
w hich uses o n ly  fre g u e n c y  s p e c tru m  in fo rm a t io n . A s imple scheme cou ld  
be used w here  the  the  FO v a lu e  ( i f  p r e s e n t )  is used as a w e ig h t  on the 
spectra l frame d is ta n c e  in d i r e c t  p r o p o r t io n  to i ts  v a lu e .  T h e  no t ion  
beh ind  th is  is th a t  re g io n s  o f  FO peak w i l l  c o r re s p o n d  to re g io n s  of 
un reduced  vo w e ls  in c o n n e c te d  u t te r a n c e  w h ich  w i l l  match s in g le  w ord  
templates more d i r e c t l y .
U sing  the SDA sys tem  to h a n d le  s p e c tra l tem p la tes  as iv e ll the  FO 
tem plates used n o w . T h e  SDA an d y s e r  c o u ld  be m od i f ie d  to in c lu d e  
c o n c u r re n t  sp e c i f ic a t io n  -  t h i s  w ou ld  be  a ru le  ty p e  s p e c i f y in g  th a t  
another item o f the  g ram m ar is  to be re c o g n is e d  s t a r t i n g  at th e  same 
po r t io n  o f the speech d a ta .  T h e  p r e s e n t  system can o n ly  s p e c i fy  tha t 
an item can o c c u r  in  the sp e e ch  d a ta  a f t e r ,  o r  in s te a d  o f ,  a n o th e r  item. 
A simple m o d i f ica t ion  to the  S D A  system  w ou ld  allow m u l t ip le  ana lyses  of 
the same da ta  to  o c c u r ,  each d i r e c te d  b y  i ts  own g ra m m a r .  In e f fe c t  
th is  would be p s e u d o -p a ra l le l  re c o g n i t io n  c o n t r o l le d  b y  severa l 
know ledge  so u rc e s .  ( A l l  t h a t  w ou ld  ha ve  to be ch a n g e d  in the  a n a ly s e r  
is tha t the c u r r e n t  p o s i t io n  a lo n g  the  p re p ro c e s s e d  speech w o u ld  not be 
advanced to the  'n e x t '  item -  o th e r w is e  th e  a n a lys is  w ou ld  p ro c e e d  as 
fo r  a cone te n a t io n  o f  i tem s. A c o n c u r r e n t  ru le  exam ple  co u ld  be :
in te g ra te d  g ram m ar = ( w o r d  leve l g ra m m a r ,  tone g ra m m a r) ;
where the re c o g n i t io n  score  f o r  the  to ta l  r u le  w ou ld  s im p ly  be  the  sum 
o f the two sco res , each r e c o g n i t io n  ta k in g  p lace  s e q u e n t ia l ly ,  b u t  from 
the  same p o s i t io n .
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T he  aim o f  th is  th e s is  was to in v e s t ig a te  th e  use o f  k n o w le d g e  o f 
the B r i t i s h  E n g l is h  in to n a t io n  system to  c o n s t r a in  speech re c o g n i t io n .
A p ro s o d ic s -o n ly  r e c o g n is e r  was c o n s t r u c te d  to ana lyse  in to n a t io n a l  
phenomena. T h e  r e c o g n is e r  was c o n s t r a in e d  h y  a l in g u is t ic  d e s c r ip t io n  
o f the B r i t i s h  E n g l is h  n u c le a r  to nes . T h e  d e s c r ip t io n  was o b ta in e d  
from exp e r im e n ts  on the c a te g o r ic a l  n a tu r e  o f the  p e rc e p t io n  o f  the 
p itch  movement on to n ic  s y l la b le s .  T h e  re c o g n is e r  was s u c c e s s fu l  in 
both speaker d e p e n d e n t  a n d  in d e p e n d e n t  c la s s i f ic a t io n  ta sks  and shows 
promise fo r  co n n e c te d  u t t e r a n c e  a n a ly s is .
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A p p e n d ix 1 O n e -L e v e l  Wan W i jn g a a rd e n  G ram m ar S p e c if ic a t io n  
o f  the S D A  D r i v i n g  Gram m ar (v a n  W i jn g a a rd e n  1974)
g ra m m a r  : e n t ra n c e  d e c la ra t io n ,  r u le  sequence.
ru le  seq u e n ce  : ru le  s e q u e n ce ,  r u le ;  
ru le .
r u l e  : ru le  name, c o n te x t ,
becomes s y m b o l ,  r h  p a r t«
rh  p a r t  : ta c t ic  sym b o l ;
te rm in a l  sym b o l .
ta c t ic  sym bo l : name, c o n c a te n a t io n  sym b o l ,  
ta c t ic  s y m b o l ;  
name.
te rm ina l s y m b o l :  le f t  s q u a re  b ra c k e t  sym b o l ,  
t r a n s fo rm  s p e c i f ic a t io n ,  
segment s p e c i f ie r ,  
r i g h t  s q u a re  b ra c k e t  sym b o l .
t ra n s fo rm  s p e c i f ie r  : t r a n s fo rm  s p e c i f ie r ;
t r a n s fo r m ,  go on s y m b o l .
t r a n s fo r m  : o rd in a l  s p e c i f ie r ,
le f t  b r a c k e t  sym b o l ,  
minimum e x te n d e r ,  
go on s y m b o l ,  
maximum e x te n d e r ,  
r i g h t  b r a c k e t  sym bo l.
segment s p e c i f ie r  : o rd in a l  s p e c i f ie r ,
le f t  b r a c k e t  sym b o l ,  
p ro s o d ic  fe a tu re  v e c to r  s t r in g ,  
r i g h t  b r a c k e t  sym bo l.
p rosod ic  fe a tu re  v e c to r  s t r i n g  :
p ro s o d ic  fe a tu re  v e c to r ,  
go on s y m b o l ,
p ro s o d ic  fe a tu re  v e c to r  s t r in g  
p ro s o d ic  fe a tu re  v e c to r .
p rosod ic  fe a tu re  v e c t o r  :
le f t  b r a c k e t  sym bo l,
FO s p e c i f ie r ,  
go on s y m b o l ,
EFO s p e c i f ie r ,  
go on sym b o l ,
SE s p e c i f ie r ,  
go on sym b o l ,
MSE s p e c i f ie r ,  
r i g h t  b r a c k e t  sym bo l.
name : le t te r  s y m b o l ,  id e n t i f ie r  e x te n d e r ;  
le t te r  sym b o l .
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d e n t i f ie r  sym bol : le t te r  sym bol;
in te g e r  sym bo l.
real n u m b e r : s ig n e d  in te g e r  n u m b e r ,  p o in t e r ,  expo ; 
s igned  in te g e r  n u m b e r ,  p o in te r ;  
s ig n e d  in te g e r  n u m b e r ,  e x p o ;  
s igned  in te g e r  n u m b e r .
p o in t e r  : do t s y m b o l .  In te g e r  n u m b e r ;
exp o  : e x p o n e n t  sym bo l, s ig n e d  in te g e r  num b e r ;
s ig n e d  in te g e r  num b e r
in te g e r  n u m b e r
p lu s  s y m b o l ,  in te g e r  n u m b e r ;  
m inus sym b o l ,  in te g e r .
: n u m b e r  sym bo l,  in te g e r  num ber ;  
n u m b e r  sym bol.
becomes symbol : le t te r  = symbol;
le f t  b ra c k e t  sym bo l : le t te r  ( sym bo l.
r i g h t  b ra c k e t  sym bol : le t te r  ) sym bo l.
p lu s  sym bol : le t te r  + sym bol.
m inus symbol : le t te r  -  sym bo l.
go on symbol : le t te r  , sym bo l.
dot symbol : le t te r  .  sym bo l.
se p a ra to r  symbol : le t te r  ; sym bo l.
num ber sym bol : le t te r  0 symbol; 
le t te r  1 symbol; 
le t te r  2 symbol; 
le t te r  3 symbol; 
le t te r  4 sym bol; 
le t te r  5 symbol; 
le t te r  6 symbol; 
le t te r  7 sym bol; 
le t te r  8 symbol; 
le t te r  9 symbol;
le t te r  symbol : le t te r  a symbol; 
le t te r  b symbol; 
le t te r  c sym bo l; 
le t te r  d  symbol; 
le t te r  e sym bol; 
le t te r  f  sym bol; 
le t te r  g symbol; 
le t te r  h  symbol; 
le t te r  i sym bol; 
le t te r  j  sym bol; 
le t te r  k sym bol; 
le t te r  1 symbol; 
le t te r  m symbol; 
le t te r  n  sym bol;
■fct.
le t te r  o symbol; 
le t te r  p symbol; 
le t te r  q sym bol; 
le t te r  r  sym bol; 
le t te r  s symbol; 
le t te r  t symbol; 
le t te r  u sym bol; 
le t te r  v  symbol; 
le t te r  w symbol; 
le t te r  x symbol; 
le t te r  y  symbol; 
le t te r  z sym bol;
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A p p e n d ix  2 O n e -L e v e l  Wan W ijn g a a rd e n  Grammar S p e c if ic a t io n  
of the SDA D r i v i n g  Grammar (v a n  W ijng >arden 1974) 
T - r u l e  e x te n s io n  s p e c i f ic a t io n .
g ram m ar : e n t ra n c e  d e c la ra t io n ,  ru le  sequence.
ru le  sequence ru le  sequence, ru le ;  
r u le .
ru le  : ru le ;  T ru le
T ru le  : le f t  sq u a re  b ra c k e t  sym bol, 
ru le  sequence,
T becomes sym b o l ,  
ru le  sequence,
r i g h t  sq u a re  b r a c k e t  sym bo l.
PS ru le ru le  name, c o n te x t ,  
becomes sym b o l ,  r h  p a r t .
rh  p a r t ta c t ic  symbol; 
te rm in a l  sym bo l.
ta c t ic  sym bol : name, co n c a te n a t io n  sym bo l,
ta c t ic  sym bol;
name.
te rm in a l  symbol: le f t  sq u a re  b ra c k e t  sym bo l, 
t ra n s fo rm  s p e c i f ic a t io n ,  
segment s p e c i f ie r ,  
r i g h t  sq u a re  b r a c k e t  sym bol.
t ra n s fo rm  s p e c i f ie r  : t ra n s fo rm  s p e c i f ie r ;  
t r a n s fo r m ,  go on sym bol.
t r a n s fo rm o rd in a l  s p e c i f ie r ,  
le f t  b r a c k e t  sym b o l ,  
minimum e x te n d e r .
go on sym bo l.
maximum e x te n d e r ,  
r i g h t  b ra c k e t  sym bo l.
segment s p e c i f ie r  : o rd in a l  s p e c i f ie r ,  
le f t  b ra c k e t  sym b o l ,  
p ro s o d ic  fe a tu re  v e c to r  s t r i n g ,  
r i g h t  b r a c k e t  sym bo l.
p ro s tx i ic  fe a tu re  v e c to r  s t r in g
p ro s o d ic  fe a tu re  v e c to r ,  
go on sym bo l,
p ro s o d ic  fe a tu re  v e c to r  s t r i n g  
p ro s o d ic  fe a tu re  v e c to r .
p ro s o d ic  fe a tu re  v e c to r
le f t  b ra c k e t  sym bo l,  
FO s p e c i f ie r ,  
go  on sym bo l,
EFO s p e c i f ie r ,  
go on sym bo l.
II
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SE s p e c i f ie r ,  
g o  on s y m b o l ,
MSE s p e c i f ie r ,  
r i g h t  b ra c k e t  sym bo l.
name : l e t t e r  s y m b o l ,  id e n t i f ie r  e x te n d e r ;  
l e t t e r  sym bo l.
id e n t i f ie r  symbol : l e t t e r  sym bo l;
i n t e g e r  sym b o l .
rea l num b e r : s ig n e d  in te g e r  n u m b e r ,  p o in t e r ,  expo ;
s ig n e d  in t e g e r  n u m b e r ,  p o in t e r ;  
s ig n e d  in te g e r  n u m b e r ,  e x p o ;  
s ig n e d  in te g e r  n u m b e r .
p o in te r  : d o t  sym b o l ,  in te g e r  n u m b e r ;
expo  : e x p o n e n t  s y m b o l ,  s ig n e d  in te g e r  n u m b e r ;
s ig n e d  in te g e r  num b e r :
p l u s  sym b o l ,  in te g e r  n u m b e r ;  
m in u s  s y m b o l ,  in te g e r .
in te g e r  num b e r : n u m b e r  s y m b o l ,  in te g e r  n u m b e r ;  
n u m b e r  sym b o l .
becomes sym bol : le t te r  = sym bo l;
T becomes symbol : le t te r  == sym bo l;  
p lu s  symbol l e t t e r  + s ym b o l ,  
minus symbol ; le t te r  -  sym b o l ,  
go on sym bol : l e t t e r  , sym b o l ,  
dot symbol : l e t t e r  .  s y m b o l ,  
s e p a ra to r  symbol : le t t e r  ; s y m b o l .
le f t  b ra c k e t  symbol : l e t t e r  ( sym b o l .
r i g h t  b ra c k e t  symbol : le t te r  ) sym b o l .
le f t  sq u a re  b ra c k e t  s y m b o l :
l e t t e r  [ s y m b o l .
r i g h t  squa re  b ra c k e t  s y m b o l  :
le t t e r  ] s ym b o l .
num ber symbol : le t te r  0 sym bol;
l e t t e r  1 sym bo l;  
le t t e r  2 sym b o l ;  
le t t e r  3 sym bo l;  
le t te r  4 sym bo l;  
l e t t e r  5 sym bo l;  
l e t t e r  6 sym bo l;  
le t t e r  7 sym bo l;  
l e t t e r  8 sym bo l;
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le t te r  9 sym bo l;
le t te r  sym bol : le t te r  a sym bol;
le t te r  b sym bol; 
le t te r  c sym bo l;  
le t te r  d sym bo l; 
le t te r  e sym bol; 
le t te r  f  sym bol; 
le t te r  g sym bol; 
le t te r  h sym hol; 
le t te r  i sym bo l; 
le t te r  j sym bo l; 
le t te r  k sym bol; 
le t te r  I sym hol; 
le t te r  m sym bo l; 
le t te r  n sym bo l; 
le t te r  o sym bo l; 
le t te r  p sym bo l;  
le t te r  q sym ho l; 
le t te r  r  sym bo l;  
le t te r  s sym bol; 
le t te r  t sym bo l;  
le t te r  u sym bo l;  
le t te r  v  sym bol; 
le t te r  w sym bol; 
le t te r  x sym bo l; 
le t te r  y sym bol; 
le t te r  z sym bol;
w m
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A p p e n d ix  A 3  In to n a t io n  g ra m m a rs  used  h y  SDA system
1. Grammar of s in g le  te m p la te  1 A 4 .S O .
2. Grammar of s in g le  te m p la te  2 A 4 .S O .
3 . G r 'm m  >r of s in g le  s y n t h e t i c  tem p la te  1 . A V .
¡». Grammar fo r  co n n e c te d  u t te ra n c e  example
5. Connected  u t te ra n c e  g ra m m a r  l i s t i n g  f r  >m R ule  T r a n s la t o r
A p p e n d ix  3 186
G ram m ar o f  s in g le  tem p la te  1A 4.S D .
Sigma = T e m p la te ;
a
T emplate = [
#
1 dumm y match c o n s t r  an ts
a
1 ( - 1, 1),  1 ( - 1, 1 ),  1 ( - 1 , 1 ),  1 ( - 1, 1),
H




























1 02, 6 0,
1 00, 56,
56, 50
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2. G rom m ar o f  s in g le  templi:
*
Sigm a = Tem p la te ;
#
T empiate = [
#
It dum m y match c o n s t r a in ts
u




















2 A 4 .S U .
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3. G ram m ar o f  s in q le  s y n th e t ic  te m p la te  1. A V .
Sigma = T e m p la te ;
T emplate = [
It
¡1 dumm y match c o n s t r a in t s
#
1 ( - 1, 1),  1( - 1, 1).  1 ( - 1, 1) ,  1( - 1, 1),
#
ft the template p r o p e r
(







1 1 3, 1 00,
1 08, 1 00,
1 03, 1 00,
1 01, 1 00,
99, 1 00,
97, 1 00,
94 , 1 00,
92, 1 00,
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3. G rom m ar o f  s in q le  s y n th e t ic  tem p la te  1 .A V .
it
Sigma = T e m p la te ;
¡t
T empiate  = [
It
¡1 dummy match c o n s t r a in t s
It
1 ( - 1 , 1 ) ,  1 ( - 1 , 1 ) ,  H - 1 , 1 ) ,  K
#
ft the tem pla te  p r o p e r  
(
150, 1 0 0 ,
144, 1 0 0 ,
1 38, 1 0 0 ,
1 32, 1 0 0 ,
127, 1 0 0 ,
122, 1 0 0 ,
118, 1 0 0 ,
113, 1 0 0 ,
1 08, 1 0 0 ,
1 03, 1 0 0 ,
1 0 1 , 1 0 0 ,
99 , 1 0 0 ,
97, 1 0 0 ,
94, 1 0 0 ,
92, 1 0 0 ,
90, 1 0 0 ,
88, 1 0 0 ,
86, 1 0 0 ,
84, 1 0 0 ,
) I ;
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4. G ram m ar f o r  c o n n e c te d  u tte ra n c e  exam ple  
It
# H e a d /n u c le u s  d e s c r ip t io n  
It D . L .  1984 f i le  C .S Y N
H
Sigma = Head + N u c le u s ;
#
H p h o n e t ic s  o f head u n k n o w n ,
# so use  re p r o d u c t io n  o f  a PFVS head
Urr
Head = T H e a d ;
#
H allow SDA to  select from  one o f f i v e  to nes . Use the t r a in in g
# tem pla tes o f  tab le  6 .2 ,  r  -  2.
#
N u c le u s  = T T o n e l ,  T T o n e 2 ,  T T o n e 3 ,
TTone '4 , T T o n e 5 ;
#
H d e f in e  head  tem p la te  as a c tua l speech PFVS o f s im i la r  le n g th  
#
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#































































. 10 ( 1, 1 ),
# 0 $
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) ] ;
it
TTone2  = [
#
*
T T o n c 3  = [
»
8 8 ,



























1 0 ( - 1 , 1 ) .







































1 00 , 






















































































1 38. 1 00.
1 36. 1 00
) I ;




1 36, 1 00,
140, 1 00
197. 99
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5. C o n n ec te d  u tte ra n c e  g ra m m a r l is t in g  fro m  R u le  T ra n s la to r
0 [ 4] 1. S igma = P r e H e a d  + Head + Nuc leus
0 [ 6] 2. Head = T H e a d  ;
1 [11] 3. N u c le u s  = T I one1 , T T o n e 2  ,
1 [11] 3. T T o n e 3  , TT o n e 4  ,
1 [11] 3. T Tone5  ;
2 [11] 4. T H e a d =
2 [11] 4. [
2 [11] 4 . t r a n s f o r m a t i  on b o u n d  on x d imension
2 [11] 4. t r a n s f o r m a t i o n b o u n d  on y  d imension
2 [11] 4. p e n a l t y  fa c t o r on DTW
2 [11] 4. 58 (
2 [11] 4. 151. 4 ,
2 [111 4 . 250, «3,
2 [11] 4. 125, 86,
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3 [11] 6 . t r a n s f o r m a t i o n b o u n d  on
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3 [11] 6. p e n a l t y  fa c t o r on DTW
3 [11] 6. 25(
3 [11] 6. 161, 19,
3 [11] 6 . 161, 29,
3 [11] 6. 270, 51,
3 [11] 6. 1 36, 67,
3 [11] 6. 1 26, 78,
3 [11] 6. 12 0, 78.
3 [11] 6. 12 0, 81 ,
3 [11] 6. 1 2 0, 83,
3 [11] 6. 12 0, 89,
3 [11] 6. 1 2 0. 87.
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3 [11] 6. 123. 91.
3 [11] 6. 125, 91,
3 [11] 6 . 129, 93.
3 [11] 6. 133. 1 00,
3 [11] 6 . 19 0, 1 00,
3 [11] 6. 1 99. 97.
3 [11] 6. 1 56. 97,
3 [11] 6. 175. 99,
3 [11] 6. 192, 93.
3 [11] 6. 212. 89.
3 [11] 6. 232, 83,
3 [11] 6. 250, 81.
3 [11] 6. 270, 79,
3 [11] 6. 99, 92,
3 [11] 6. )
3 [11] 6. 1 ;
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3 [11] 7. I
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3 [11] 7. 119, 7 0,
3 [11] 7. 117, 72,
3 [11] 7. 117. 75,
3 [11 ] 7. 119. 75.
3 [11] 7. 119, 74.
3 [11] 7. 119. 79.
3 [11] 7. 119. 73,
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3 [11] 7 . 12 0, 76,
3 [11] 7 . 117, 77,
3 [11] 7 . 119, 77.
3 [11] 7 . 117. 77.
3 [11] 7 . 12 0, 79.
3 [11] 7 . 119. 8 0,
3 [11] 7 . 120, 82.
3 [11] 7 . 119. 91.
3 [11] 7 . 119, 00.
3 [11] 7 • 117, 00,
3 [11] 7 . 114, 95,
3 [11] 7 . )
3 [11] 7 . ] ;
4 [11] 8 . T To n e 4  =
4 [11] 8 . [
4 [11] 8 . t r a n s fo rm a t i o n b o u n d  on x d imension 1
4 [11] 8 . t r a n s fo rm a t i o n b o u n d  on y d imension 1
4 [11] 8 . p e n a l t y  fac t o r on DTW 1
4 [11] 8 . 31 (
4 [11] 8 . 163, 59.
4 [11] 8 . 163, 6 0,
4 [11] 8 . 166, 6 0.
4 [11] 8 . 163, 62,
4 [11] 8 . 166, 63,
4 [11] 8 . 166. 64.
4 [11] 8 . 161, 61,
4 [11] 8 . 161. 62,
4 [11] 8 . 1 58, 62.
4 [11] 8 . 153, 65,
4 [11] 8 . 144, 66,
4 [11] 8 . 142, 66,
4 [11] 8 . 136, 68,
4 [11] 8 . 131, 68,
4 [1 11 8 . 128. 67.
4 [11] 8 . 125, 68,
4 [11] 8 . 121, 68,
4 [11] 8 . 119, 68,
4 [11 ] 8 . 120. 67.
4 [11] 8 . 120. 66,
4 [11] 8 . 121. 67,
4 [11] 8 . 121. 67,
4 [11] 8 . 1 26, 68.
4 [11] 8 . 129. 69.
4 [11] 8 . 131. 69.
4 [11] 8 . 135, 71,
4 [11] 8 . 135. 77.
4 [11] 8 . 1 36. 8 0,
4 [11] 8 . 1 38, 91,
4 [11] 8 . 138, 1 00,
4 [11] 8 . 136, 1 00,
4 [11] 8 . )
4 [11] 8 . ] ;
4 [11] 9 . TT o n e 5  =
4 [11] 9 . [
4 [11] 9 . t r a n s fo rm a t i o n b o u n d  on x d imens ion 1
4 [11] 9 . t r a n s fo rm a t i o n b o u n d  on y d imens ion 1
4 [11] 9 . p e n a l t y  fac t o r on DTVV 1
4 [11] 9 . 31 (
4 [11] 9 . 128, 78,
4 [11] 9 . 131. 93,
A p p e n d i x  3
4 (11] 9 . 1 35, 00
4 [11] 9 . 1 36, 1 00.
4 [11 ] 9 . 140, 1 00,
4 [11 ] 9 . 147, 99 ,
4 [11 ] 9 . 153, 93 ,
4 [11 ] 9 . 161. 9 0,
4 [11 ] 9 . 166, 89,
4 [11 ] 9 . 172, 86.
4 [11 ] 9 . 181, 83.
4 [11 ] 9 . 192. 83,
4 [11 ] 9 . 200, 88,
4 [11 ] 9 . 212. 81.
4 [11 ] 9 . 217. 93.
4 [11 ] 9 . 222. 96,
4 [11 ] 9 . 232. 88,
4 [11 ] 9 . 222, 87,
4 [11 ] 9 . 217. 89.
4 [11 ] 9 . 2 00, 89.
4 [11 ] 9. 185, 88,
4 [11 ] 9 . 166, 88,
4 [11 ] 9 . 149, 78.
4 [11 ] 9 . 1 38. 75.
4 [11 ] 9 . 117. 74.
4 [11 ] 9 . 1 07. 73.
4 [11 ] 9 . 97 , 7 0,
4 [11 ] 9 . 92. 65,
4 [11 ] 9 . 86, 60,
4 [11 ] 9 . 89, 6 0,
4 [11 ] 9 . 66, 6 0,
4 [11 ] 9 . )
4 [11 ] 9. 1 ;
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A p p e n d i x  4 Pascal  p r o c e d u r e  SRI  -  ru le  t r a n s la t io n
Th e  p ro c e d u r e  SRI  (SDA Ru le  I n t e r p r e t e r )  t r an s la te s  the  
phonolog ical  ru le s  and  c re a t es  the  in te rme d i a te  r e p r e s e n t a t i o n .
T h e  source  code f o r  se lected r o u t in e s  is g iv e n  here  to e x p a n d  on 
the d iscuss ion  of  sect ion  4 . 2 ,  w he re  a d e s c r i p t i o n  o f  each r o u t in e  
is g iv e n .
A p p e n d i x  4
p r o c e d u r e  S r i ;  
const
( *  l ex ica l  a n a ly s is  * )




Cotempsym = '©'; 
Pmetocsym = 'O';
Pa ras ym =
S to p sym  =
T e rmsym = ' [ ' ;
Mre tsy m =
Do ts y m =
L p a r s y m  =
R p a r s y m  =
( *  compi la t ion c o n t r o l  * )
Csmode = False;
Eo fV a l  = 32B ;
t y p e
C ha rS et  = set o f  C h a r ;  
v a r
( *  l ex ical  a n a ly s is  * )
A l l :  Ch arS e t ;
N um er i cs :  C h a rS e t ;  
C o n t r o l s :  Ch a rS e t ;  
L e t t e r s :  Ch a rS e t ;
D i g i t s :  Ch a rS e t ;
O t h e r s :  C ha rS e t ;  
C h a r B u f f e r :  C h a r ;
( *  compi la t ion c o n t r o l  * )
N u m b e r :  I n t e g e r ;
I n d c h :  M n C h r . . M C h r ;  
Remember :  A Node;
( *  code f r a g m e n t s  * )
C o d e F r a g m e n t : A N o d e ;  
Temp A : A A r e a ;
( *  l i nk  c o n t r o l  * )
R oo tA rea :  A A r e a ;  
L i n k F a i l :  I n t e g e r ;  
L i n k C o u n t :  I n t e g e r ;  
F o u n d :  Boo lean;
A p p e n d i x  4
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o ro c e d u r e  T r a n s l a t e R u l e ( v a r  S y n t a x F :  T e x t ;  
p ro c e u u  c v a r  C o d e A d d re s s ;  A Node) ;
( *  te m p o ra ry  addresses :
g e n e ra l ,  cs p lu s .  c s m i n u s  S cs * )
T na: A Node;
I :  A Node;
T c s p :  A Node;
Tcsm: A N o d e ;
A n :  A A r e a ;
Cn:  CArea;
( *  code f r a g m e n ts  * )
Code ld ;  S t r i n g ;
ACode:  A A r e a ;
BCode:  B A r e a ;
CCode: CArea ;
CodeCsPlus:  ANo de ;
CodeCsMinus:  AN o d e ;
Cod e ls Ta c t i c :  Boolean;
I
I
A p p e n d i x  4
p r o c e d u r e  G e t N e x t C h a r ;  
const
CommentSymbol  =
b e g in
if E o f ( S y n t a x F ) then C h a r B u f f e r  := C h r ( E o f V a l )  
else 
b e g in
if  E o l n ( S y n t a x F )  then 
b e g in
Read In ( S y n t a x F ) ;
G e t N e x t C h a r ;
end
else
b e g in
R e a d ( S y n t a x F ,  C h a r B u f f e r ) ;  
i f  ( C h a r B u f f e r  = CommentSymbo l )  then 
b e g i n
Read ln (  S y n t a x F ) ;
G e t N e x t C h a r ;
end
else ( *  b u f f e r  c o n ta i n s  legal  tex t  * )  
end 
end
end ( * G e t N e x t C h a r * )
A p p e n d i x  4 203
p r o c e d u r e  S k i p ( C s :  C h a r S e t ) ;
b e g in
whi le C h a r B u f f e r  in Cs do 
b e g i n
G e t N e x t C h a r ;
end ;
end  ( * S k i p * )  ;
p r o c e d u r e  S k ip U n t i l  (Cs :  C h a r S e t ) ;  
v a r
T e m p :  CharSet ;
b e g in
Temp := [ C h r ( 0 ) .  . C h r (255) ] -  Cs; 
S k i p ( T e m p )  
end  ( * S k i p U n t i l * )  ;
p r o c e d u r e  G e t S t r ( v a r  S: S t r i n g ) ;  
v a r
D ig l e t s :  CharSe t ;
b e g in
S := N i l S t r i n g ;
whi le not  ( C h a r B u f f e r  in L e t t e r s )  do G e t N e x t C h a r ;  
whi le ( C h a r B u f f e r  in ( ( ' O ' . . ’9 ' ]  + L e t t e r s ) )  and 
( S . L e n  < Mal fa) do 
b e g in
S . L e n  := S u c c ( S . L e n ) ;
S . C h [ S . L e n ]  := C h a r B u f f e r ;
G e t N e x t C h a r ;
en d ;
end  ( * G e t S t r * )  ;
A p p e n d i x  4 2 04
p r o c e d u r e  C h e c k S y m ( C :  C h a r ) ;
b e g in
Sk ip(  [ B l a n k ] ) ;  
i f  C h a r B u f f e r  <> C th e n  
b e g in
W r i t e l n ( ' E r r o r :  e x p e c t e d - ,  C, 1 f o u n d - ,  C h a r B u f f e r ) ;
S t o p C L e x .  Scan F a i l . 1)
end ;
end ( * S y m * )  ;
fu n c t i o n  S y m e q ( C :  C h a r ) :  Boolean;
be g in
i f  C h a r B u f f e r  = C th e n  
b e g in
G e t N e x t C h a r ;
S ymeq := T ru e  
end
else Symeq := False 
end ( * S y m e q * )  ;
p r o c e d u r e  S y m ( C :  C h a r ) ;
be g in
Sk ip ( [  B lank ] ) ;  
if not  S y m e q ( C )  then  
b e g in
W r i te l n ( ' l  n p u t  c o n t a i n s  C h a r B u f f e r ,  
e x p e c te d  C, ' " . ' ) ;  
S to p C S y m ' ) ;  
end
end ( * S y m * )  ;
a A
A p p e n d i x  4 2 05
p r o c e d u r e  G e t l n t f v a r  R:  I n t e g e r ) ;  
v a r
I :  I n t e g e r ;
N e g :  Boolean;
b e g i n
Sk  i p (  [ B l a n k ] ) ;
I : =  0;
Neg  : = Symeq ( '+' ) ;
Neg  := Symeq
w h i l e  ( C h a r B u f f e r  in [*0' .  • *9* ] )  do  
b e g i n
I := I *  1 0 +  O r d ( C h a r B u f f e r ) -  OrdCO1);
G e t N e x t C h a r ;
e n d ;
if N e g  then  R -  I 
e l se R := I ;
end ;
IA p p e n d i x  4
p r o c e d u r e  T e r m ;  
cons t
D te rm  = T  ru e ;  
v a r
T e m p i ;  I n t e g e r ;  
I :  R T r a ;
J ;  O . .M S e g ;
R;  Real ;
b e g in
G e t N e x t C h a r ;  
w i th  C Co de  do 
b e g i n
fo r  I : =  T ra t  to  T r a 4  do
b e g i n  ( *  load up  t r a n s f o r m  in f o  * )  
S k i p U n t i l  ( [ 'O' . . ' 9 ' ,  P a r a s y m ) ) ;  
i f  C h a r B u f f e r  = P a ra sy m th e n  
b e g i n
( *  load up  d e f a u l t  t r a n s f o r m  * )  
e n d  
else 
b e g i n
Get I n t  ( I t e r a t i o n !  I ] ) ;  
S k i p U B I a n k ] ) ;
S y m ( L p a r s y m ) ;
S k i p U B I a n k ] ) ;
G e t l n t ( L w b T r a n s l I  ] ) ;  
S k i p U B I a n k ] ) ;
S ym ( P a r a s y m );
S k i p U B I a n k ] ) ;
G e t l n t ( U p b T r a n s [ l ] ); 
S k i p U B I a n k ] );
S ym ( R p a r s y m );
S k i p U B I a n k ] );
S y m ( P a r a s y m ) ;
e n d ;
e n d  ( * w i t h * )  ;
A p p e n d i x  4 2 05
p r o c e d u r e  G e t l n t ( v a r  R: I n t e g e r ) ;  
v a r
I :  I n t e g e r ;
Neg :  Boolean;
b e g i n
S k i p ( [ B l a n k ] ) ;
I :=  0;
Neg :=  Symeq ( '+' ) ;
Neg :=  S y m e q ( ' - ' ) ;  
wh i le  ( C h a r B u f f e r  in [ ' O ' . . ' 9 ' ] )  do 
b e g i n
I :=  I *  1 0 +  O r d ( C h a r B u f f e r )  -  OrdCO1);
G e t N e x t C h a r ;
e n d ;
A p p e n d i x  4 2 06
p r o c e d u r e  T e r m ;  
cons t
D te rm  = T r u e ;
v a r
T e m p i :  I n t e q e r ;  
I :  R T r a ;
J :  O . .MSeg;
R: Real ;
b e g in
G e t N e x t C h a r ;  
w i th  CCode do  
b e g in
fo r  I := T r a l  to T r a 4  do
b e g in  ( *  load up t r a n s f o r m  in f o  * )  
S k i p U n t i l  ( ['O'. . '9' ,  P a r a s y m ] ) ;  
i f  C h a r B u f f e r  = P a ra s ym  then  
b e g in
( *  load up  d e f a u l t  t r a n s f o r m  * )  
end  
else 
b e g in
Get I n t  ( I t e r a t i o n !  I ] ) ;
S k i p ( [  B l a n k ] ) ;
S y m ( L p a r s y m ) ;
S k i p ( [ B l a n k ] ) ;
G e t ln t  ( L w b  T r a n s !  I ] ) ;
S k i p ( I B  l a n k ] ) ;
S y m ( P a r a s y m ) ;
S k i p ! f  B l a n k ] ) ;
Get I n t  ( U p b T r a n s f  I ] ) ;
S k i p !  [ B lank ] ) ;
S y m ( R p a r s y m ) ;
S k i p ( [ B  l a n k ] );
Sym (P a r a s y m ) ;  
end ;
end  ( * w i t h * )  ;
A p p e n d i x  4
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( *  ge t  template * )
S k i p ( f B l a n k )  );
S y m ( L p a r s y m ) ;
J :=  0; 
rep e a t
J :=  S u c c ( J ) ;
Get I n t (  Tempi  a te .  V [ J ] ,F0)  ;
S k i p ( [ B l a n k ]  ) ;
S y m ( P a r a s y m ) ;
G e t ! n t ( T e m p l a t e . V  [ J ] .C fO ) ;
S k i p ( [ B l a n k ]  ) ;
u n t i l  (J = MSeg) o r  not  S y m e g ( P a r a s y m ) ;
T e m p l a t e . L e n g  := J ;
f o r  J := MSeg d o w n to  S u c c ( T e m p l a t e . L e n g )  do 
T e m p la te .  V [ J J ; = N l l P f v t ;
Sym ( R p a rs y m  ) ;
If  T e m p l a t e . L e n g  > MSeg then 
S to p  ( 'Templa te  too long In T E R M . 1);
If T e m p l a t e . L e n g  < 6 then 
S t o p f 'T e m p l a t e  too s h o r t  In T E R M . ' ) ;
( *  ex i t  f rom te rm ina l  node d e s c r i p t i o n  * )
S k i p ü B l a n k ] ) ;
S y m ( M r e t s y m ) ;
end ;
end  ( * T e r m * )  ;
A p p e n d i x  4
( *  get  temp la te  * )
S k i p ( [ B l a n k ]  ) ;
S y m ( L p a r s y m ) ;
J := 0; 
repeat
J := S u c c ( J ) ;
Cet l  n t  ( T e m p l a t e . V  [ J ] , F 0);
S k i p ( [ B l a n k ]  ) ;
S y m ( P a r a s y m ) ;
Get I n t  (T e m p l a te .  V  [ J ] . C f  0) ;
S k ip ( [  B l a n k ]  ) ;
u n t i l  (J = MSeg) o r  not  S y m e q ( P a r a s y m ) ;  
T e m p l a t e . L e n g  := J ;
f o r  J :=  MSeg d o w n t o  S u c c ( T e m p l a t e . L e n g )  do 
T e m p la t e . V  (J ] :=  N i l P f v t ;
S y m ( R p a r s y m ) ;
i f  T e m p l a t e . L e n g  > MSeg th e n  
S to p ( ' T e m p la t e  too  long in T E R M . 1); 
i f  T e m p l a t e . L e n g  < 6 then 
S to p ( ' T e m p la t e  too  s h o r t  i n  T E R M . ' ) ;
( *  ex i t  f rom t e r m in a l  node d e s c r i p t i o n  * )
S k i p ( [ B l a n k ] ) ;
S y m ( M r e t s y m ) ;
end ;
end  ( * T e r m * )  ;
A p p e n d i x  4 2 08
p r o c e d u r e  Seq ;  
v a r
T e m p A A r e a :  A A r e a ;  
Te m p D e p :  A Node;
b e g in
S k i p ( [ B l a n k ]  ) ;  
case C h a r B u f f e r  of
S t o p s y m :
T e r m s y m :  T e r m ;
P l u s y m :
( *  ha n d le  t y p e  in fo rm a t i o n  f i r s t  * )  
b e g i n
A C o d e . B . S e q u  := T r u e ;
A C o d e .B  . S y n t a g  := False;
G e t N e x t C h a r ;
Seq
en d ;
P a r a s y m ;
( *  ha n d le  symbo l  in fo rm a t i o n  * )  
b e g in
A C o d e . B . S e q u  := False;
A Code.  B . S y n t a g  := T r u e ;
G e t N e x t C h a r ;
Seq
end;
o th e r w is e
( *  n o n - t e r m i n a l  p r o c e s s i n g ,  p ro c e s s  d e p e n d e n t s * )
i f  U p b R o w ( A C o d e . P )  < MRow then 
b e g in
NewA (A C o d e .P  [ UpbRow (ACode.P  ) + 1 ) ) ;  
T e m p A A r e a  := N i l A A re a ;
G e t S t r  ( TempAA rea .  I d ) ;
P u tA  (A C o d e .P  [ UpbRow (ACo de .P  ) ] ,  T  empAA r e a ) ;
Seq ( *  go  on to n e x t  term * )
end
else S t o p ( ' T o  many RH te rms fo r  S E Q . 1) 
end  ( * c a s e * )  ;
end ( * S e q * )  ;
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p r o c e d u r e  Rh ;  
v a r
T e m p :  Ch a rS e t ;
b e g i n  ( * r h * )
S k i p (  [ B lank ] ) ;  
case C h a r B u f f e r  of
T e r m s y m :
b e g in




Co te m p s y m : 
b e g in
C o d e ls T a c t i c  :
Seq
end ;
= T ru e ;
o t h e r w i  se 
b e g in
C o d e ls T a c t i c  :
Seq
end
end  ( * c a s e * )  
end  ( * R h * )  ;
= T  ru e ;
fu n c t i o n  C s (C :  C h a r ) :  
v a r
C s p t r :  A N o d e ;
A n :  A A r e a ;
A N o d e ;
b e g i n
S k i p ( [ B l a n k ] ) ;  
if S y m e q ( C )  then  
b e g in
NewA ( C s p t r ) ;  
A n  := N i l A A r e a ;
G e t S t r ( A n .  I d ) ;
P u t A ( C s p t r ,  A n ) ;
Cs := C s p t r  
end
else Cs := N ¡1A 
end  ( * C s * )  ;
.--j&r*'»-«*..
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p r o c e d u r e  L h ;
b e g in
G e t S t r ( C o d e l d ) ;
CodeCsPlus  := C s ( P l u s y m ) ;  
Co deCsMinus  := C s ( M i n u s y m  
end  ( * L h * )  ;
b e g in  ( * T r a n s l a t e R u l e * )
C o d e l d . L e n  := 0;
A C o d e  :=  N i l A A r e a ;
B Cod e  :=  N i l B A r e a ;
( *  p a r s e  s y n t a x  r u l e  * )
L h ;
S y m ( B ecomesym);
Rh;
C h e c k S y m ( E n d s y m );
S k i p U n t i l  ( ( D ig i t s  + L e t t e r s )  +
( *  assemble n e tw o r k  c od e  * )
A n  : = A Code;
A n . I d  := C od e ld ;  
if C o d e ls T a c t i c  then  
b e g in
A n . 8 . S o r t  := T a c t i c ;
A n . C  := N i lC;  
end 
else 
b e g in
A n . B . S o r t  := T e r m i n a l ;  
N e w C ( A n . C ) ;
P u t C ( A n . C ,  CCo de ) ;  
end ;
NewA ( C o d e A d d r e s s ) ;
P u tA  (C o d e A d d r e s s ,  A n ) ;
end  ( * T r a n s l a t e R u l e * )
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p r o c e d u r e  L i n k f v a r  Coal :  A N o d e ;
C o d e A d d r e s s :  A N o d e ;  
v a r  F o u n d :  Boo lean;  
v a r  P l u s :  I n t e g e r );
v a r
A n ,  A n 2 ,  Code:  A A r e a ;  
I,  J :  RRow;
T e m p D e p :  A N o d e ;
b e g i n
i f  O k A ( G o a l )  and Ok A ( C o d e A d d r e s s )  then  
b e g in
GetA (Coa l ,  A n ) ;
CetA (C o d e A d d r e s s ,  Cod e) ;
if A n . l d . C h  = C o d e . I d . C h  then
( *  l i nk  t h i s  node h e re  * )
b e g in
P lus : = P lus + 1;
F o u n d  := T r u e ;
( *  dec ide  i f  te r m in a l  node  * )
if C o d e . B . S o r t  = T a c t i c  then 
b e g i n
A n . B . S o r t  := T a c t i c ;
A n . B  := C o d e . B ;
A n . C  := N i lC;
f o r  J := 1 to U p b R o w ( C o d e . P ) do 
b e g in
NewA ( A n . P  ( J ] )  ;
GetA (C od e .P  [ J ] ,  A n 2 ) ;
P u tA ( A n .P  ( J 1, A n 2 ) ;  
end ;  
end  
else 
b e g i n
A n . B . S o r t  := T e r m i n a l ;
A n . C  := C o d e .C ;
end  ( *  IF c o d e . b . s o r t  = tac t i c  * )
end  ( * I F  a n . i d . c h  = c o d e . i d . c h * )
else
b e g in
f o r  I := 1 to U p b R o w ( A n . P )  do 
L i n k  { A n . P  ( I ] ,  C o d e A d d r e s s ,  F o u n d ,  P l u s ) ;  
end ;
P u tA  (Goal ,  A n ) ;  
end ( * o k  c la us e* )  ;
e n d  ( * L i n k * )  ;
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b e g i n  ( * S r i * )
Se tA  ( I n t o ) ;
S e tC (  In t o ) ;
I n i t S r i ;
( *  t r a n s la t e  f i r s t  ru le  o f  g ra m m a r  * )
N u mb e r  : = 1 ;
T r a n s l a t e R u l e ( S y n t a x F ,  S y s . R o o t ) ;
W r C o d e ( L f ,  N u m b e r ,  S y s . R o o t ) ;
( *  go  on t r a n s l a t i n g  r u l e s  u n t i l  e n d  o f  g ram mar  * )
wh i le  not  E o f ( S y n t a x F )  do 
b e g in
( *  t r a n s la t e  * )
T r a n s l a t e R u l e ( S y n t a x F ,  C o d e F r a g m e n t ) ;
Nu mb er  : = S u c c ( N u m b e r ) ;
W r C o d e ( L f ,  N u m b e r ,  C o d e F r a g m e n t ) ;
( *  l i nk CODE FRA GM EN T to t r e e  of  S Y S . R O O T  * )
F o u n d  ;=  False;
L i n k C o u n t  : = 1;
L in k F a i l  := 0;
L i n k  ( S y s . R o o t ,  C o d e F r a g m e n t ,  F o u n d ,  L i n k C o u n t ) ;
( *  release CODE FRAGMENT'S  space,  
any  C A R E A s  u n a f f e c t e d  * )
J u n k A  ( C o d e F r a g m e n t );
( *  d ia g n o s t i c s  * )
i f  not  F o u n d  then L i n k F a i l  := 1;
end  ( * d o ,  t r a n s l a t i o n * )  ;
( *  f i n i s h  u p  * )
W r i t e l n ( L f ) ;
C l o s e ( S y n t a x F );
e n d  ( * S r i * )  ;
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A p p e n d i x  5 P a sc a l  an a ly s is  r o u t i n e s
T h e  p r o g r a m  A N A L Y S I S  p e r f o r m s  the  s y n t a x  d i r e c t e d  ana lys is  of  
the P FV S .  T h e  source  code f o r  se lec ted  r o u t in e s  is g iv e n  here  to 
e xp an d  on th e  d iscus s io n  o f  sect ion  <4.2, w he re  a b r i e f  d e s c r i p t i o n  
of  each r o u t i n e  is g i v e n .
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( *  p ro g r a m  A n a l y s i s ;  * )
p r o c e d u r e  T s h f P a t :  CNo de  ( ‘ p o i n t e r  to  p a t t e r n * )  ;
v a r  D a t a L i n k :  I n t e g e r  ( ‘ s t a r t  o f  P F V S * )  
v a r  E r r o r :  Real ( ‘ r e t u r n e d  DP score * )  ; 
P r i n t :  Bo o lea n  ( ‘ p lo t  l i s t i n g  f l a g * )
) ;
const
Range = 5 ( ‘ ran ge  o f  DP e n d p o i n t s * )  ;
R = 3 ( ‘ ad ju s tm e n t  w indow l e n g t h * )  ;
B i g  = v b i g ;
( format = 5;
v a r
P Ar e a :  C Ar e a ;
X,  We igh t :  Real;
I : -  R a n g e . . R a n g e ;
Score :  a r r a y  [ -  R a n g e .  .R a n g e ]  o f  Real;  
Newleng ,  O ld L e n g .  K ,  J ,  U p b W a r p :  I n t e g e r ;
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p r o c e d u r e  D p ( M s p :  I n t e g e r  ( * m a tc h  s t a r t * }  ;
Nsp :  I n t e g e r  ( * m a tc h  e n d * )  ;
Ref :  S e g t y p e  ( ‘ p a t t e r n * )  ;
v a r  S c o r e :  Real ( * d p  match r e s u l t * )  ;
P r i n t :  Boo lean  ( * w a r p  in f o r m a t io n * )
) ;
const
Gbig = v b i g ;
R 1 = 8 ( * r  + 2 * )  ;
v a r
G: a r r a y  [ -  R 1 . . R 1 ,  O. .MSeg]  of  Real  
( ‘ v i r t u a l  a r r a y  o f  TW p a t h s * )  ;
W: -  R 1 . . R 1  ( ‘ i ndex  in to  v i r t u a l  a r r a y * )  ;
X,  Y: O . .MSeg ( ‘ i nd i ces  in to  v i r t u a l  a r r a y * )  ; 
Z:  a r r a y  [ 0 . . 2 ]  of  Real  ( * t e m p .  r e s u l t s * )  ; 
T n d :  Real  ( ‘ t ime  norma l i sed  s c o re * )  ;
D is t :  Rea l  ( * t e m p .  d is t a n c e * )  ;
M: I n t e g e r  ( * t e m p .  m in po s* )  ;
( * f r a m e - t o - f r a m e  d is t a n c e  f u n c t i o n * )
f u n c t io n  D ( X ,  Y:  I n t e g e r ) :  Real ;
( ‘ ma pp in g  f u n c t i o n  in to  v i r t u a l  a r r a y * )
f u n c t io n  F ( X ,  Y :  I n t e g e r ) :  I n t e g e r ;
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b e g in
( ♦ i n i t i a l i s e  v i r i t u a l  a r r a y * )
f o r  W := -  R1 to R1 do
f o r  Y := 0 to  MSeg do G[W,  Y) := Gbig ;
( ♦ c a l c u la t e  al l  local  op t ima l  t r a n s i t i o n s
w i t h i n  a d ju s t m e n t  w i ndow * )
f o r  Y := 1 to  R e f . L e n g  do 
b e g i n
f o r  X := 1 to  Nsp do 
b e g in
D is t  := D ( X , Y ) ;
i f  (X = 1) and  (Y  = 1) then  G [ F ( X .  Y ) .  Y]  := D i s t  
else 
be g in
if ( F ( X , Y )  >= -  R)  and ( F ( X ,  Y) <= R) then 
b e g in
ZIO] :=  G[F ( X ,  Y -  1 ) ,  Y -  1) + D is t ;
Z [ 1 ]  ;=  G[F  (X -  1 , Y -  1 ) ,  Y -  1] + 2 *  D is t ;
Z [2]  :=  G[F  ( X -  1 , Y ) ,  Y) + D is t ;
GIF ( X ,  Y ) .  Y]  := M i n ( Z ) ;  
end ( *  i f , w i t h i n  ad ju s tm e n t  w in d o w * )  
end ( * i f , n o t  i n i t i a l  c a l c u l a t i o n * )  ; 
i f  (X = N s p )  and (Y = R e f . L e n g )  
then  T n d  :=  C [ F ( X ,  Y ) .  Y) 
end  ( * f o r , x * )  ; 
e nd  ( * f o r , y * )  ;
T n d  := T n d  /  ( N s p  + R e f . L e n g ) ;
S c o re  := T n d ;
end ( *  D p  * )  ;
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beg in
( *  get  the p a t t e r n  template  p o i n t e d  to b y  P A T  * )
G e tC (P a t ,  P A r e a ) ;
( *  DP match f o r  range  o f  e n d p o in t s  * )
fo r  I := -  R a n g e  to Ran ge  do S c o r e f l ]  := B i g ;  
fo r  I ; = -  R a n g e  to Ran ge  do 
b e g in
D p ( D a t a L i n k ,  P A r e a . T e m p l a t e . L e n g  + I ,  P A r e a . T e m p l a t e ,  
S c o re ! I  ] ,  F a ls e ) ; 
end ;
( *  ca lcu la te  minimum fo r  r a n g e  * )
J := M i n p o s ( S c o r e ) ;
X := M i n ( S c o r e ) ;
Newleng := P A  rea.  T e m p la t e .  L e n g  + J;
Dp  ( D a t a L i n k , Newleng,  PA re a . T e m p la t e ,  X,  P r i n t ) ;  
O l d L e n g  := D a t a L i n k ;
D a ta L in k  :=  D a t a L i n k  + N e w l e n g ;
E r r o r  := E r r o r  + X;
end ( *  T s h  * )  ;
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p r o c e d u r e  T ra c e M a t c h (G o a l :  A N o d e ;
v a r  T : T e x t ) ;
v a r
A n :  A A r e a ;  
T e m p D e p :  RRow;  
I :  RSeg;
b e g in
GetA (Goal ,  A n ) ;  
case A n . B . S o r t  of  
T ac t i c :
fo r  Te mp D e p  := 1 to U p b R o w ( A n . P )  do 
i f  OkA ( A n . P  [T e m p D e p ]  ) then 
T r a c e M a t c h ( A n . P  [ T e m p D e p ] , T ) ;
T e r m i n a l :  W r i t e l n f T ,  A n . l d . C h ) ;  
end  ( * c a s e , s o r t * )  ; 
end ( *  T ra c e M a t c h  * )  ;
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p ro c e d u re  P a rs e (G o a l ,  T ra c e :  A N o d e ;
v a r  D a ta L in k :  In te g e r ;  
v a r  S u m : R ea l) ;
v a r
DepM in : A N o d e ;
A r g M in ,  A r g T e m p ,  A rg T e m p 2 :  R R ow ; 
D a ta L in k M in :  I n t e g e r ;
SumMin: Real;
A n ,  A n T e m p :  A A r e a ;
V a l :  a r ra y  [ 1. .M R o w ] of Real;
L in k :  a r r a y  [ I . .M R o w ] o f In te g e r ;
b e g in
GetA (Goal, A n ) ;
A n . B . S t a t e  := B lo c k e d ;  
case A n . B . S o r t  o f
T e rm in a l:  ( *  a p p ly  tem plate  m a tc h in g  to in p u t  sequence * )  
b e g in
T s h ( A n . C ,  D a ta L in k ,  Sum , F a ls e ) ;  
end ( ‘ t e r m in a l * )  ;
T a c t ic :  ( *  c o n t in u e  p a r s in g  down t r e e  * )  
b e g in
case A n . R . S e q u  of 
T ru e :
( *  take  all deps  in to  accoun t:  r e t u r n e d  v a lu e s  are the 
in c re m e n te d  v a lu e s  o f  sum e r r o r  & c u r r e n t  D a ta L in k  * )
b e g in
fo r  A r g T e m p  :=  1 to U p b R o w (A n .P )  do 
b e g in
P a rs e (A  n .P  [A r g T e m p ] , T r a c e ,  D a ta L in k ,  S um ); 
e n d ;  
end ;
False: ( * q o  t h r o u g h  all cho ices  o f  d e p e n d e n t  -  choose 
b e s t * )
b e g in
fo r  A r g T e m p  :=  1 to MRow do V a l [ A r g T e m p ]  := V b ig ;  
fo r  A r g T e m p  :=  1 to  U p b R o w (A n .P )  do 
b e g in
L in k [ A r g T e m p )  :=  D a ta L in k ;
V a l [ A r g T e m p ]  :=  Sum;
P a r s e ( A n . P [ A r g T e m p ] , T r a c e ,  L ink  [A  r g T e m p ] ,
V a l f A r g T e m p ] ); 
end  ( * f o r ,  A r g T e m p * ) ;
SumMin :=  M in ( V a l ) ;
A r g M in  :=  M in p o s (V a l) ;
D a ta L in k M in  :=  L i n k l A r g M i n ] ;
D epM in  : = A n .P  [A r g M i n ] ;
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( *  r e t u r n  m in im is in g  cho ice  * )
Sum :=  Sum + S um M in ;
D a ta L in k  := D a ta L in k M in ;
( *  re je c te d  r e c o g n i t io n  p a th s  have been 
d e -a c t iv a te d ,  a c t iv a te  the chosen p a th  * )
fo r  A rg T e m p  := U p b R o w ( A n .P )  d o w n to  S u c c ( A r g M in )  
do
b e g in
A rg T e m p 2  := A r g T e m p ;
J u n k  A (A n .P  [A r g T  e m p 2 ] ); 
end;
f o r  A rg T e m p  := P r e d ( A r g M in )  do w n to  1 do  
b e g in
A rg T e m p 2  := A r g T e m p ;
J u n k A ( A n . P [ A r g T e m p 2  j ); 
end;
end ( * s e g u = fa ls e * )  ; 
end ( * c a s e ,s e q u * )  ; 
end ( * s o r t= ta c t ic * )  ; 
end ( * c a s e , a n . b . s o r t * )  ; 
end ( * p a r s e * )  ;
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p ro c e d u re  R e tu r n ( G o a l ,  T ra c e :  A Node;
v a r  D a ta L in k :  I n t e g e r ;  
v a r  Sum: R e a l) ;
v a r
D e p M in : A N o d e ;
A r g M in ,  A r g T e m p :  RRow ;  
D a ta L in k M in :  I n t e g e r ;
S um M in: Real;
A n ,  A n T e m p :  A A r e a ;
V a l :  a r r a y  ( l . . M R o w )  o f Rea l;  
L in k :  a r r a y  ( 1 . .M R o w )  o f I n t e g e r ;
b e g in
GetACGoal, A n ) ;
A n . B . S t a t e  := B lo c k e d ;  
case A n . B . S o r t  of
T e rm in a l :  ( *  a p p ly  tem pla te  m a tch in g  to in p u t  M g u e n e «  
b e g in
T s h f A n . C ,  D a ta L In k ,  S u m , T r u e ) ;  
en d  ( ‘ te r m in a l * )  ;
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T «c tic : (* continue per ting down tree •)
b e g in
fur AryTem p • \ to Upi.Uo* t A « ,M ) tfu 
if O ltA |A n,l*|ArgT»ni|| then 
•»•gin
•  etufn|An,t*|ArgTe«np|, T rete , O itA m k , liu e|j 
end ( • w f H « t l t * |  | 
end l*ceee,en,H.»«tr t*| j 
end t*retu*«*| 4
I *  M H he tee  »1
%e»* t l M d t .
M > «  m i
OelA 'Wl d  «4
* h #  * ! § ■
i « eP *  • *  H
•d» » » f f e b e i i i  w i
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( *  id e n t i f y  session * )
W r i te ln ( T f ) ;
W r i t e l n ( T f ,  'S y n ta x  D i r e c te d  P ro s o d ic  A n a ly s is ' ) -  
W r i t e l n ( T f ) ;
I r ! * ! " ! ™ '  : ,n ,ermediate code from •. NodeFId. ' .A  and CM- 
W r i te ln fT f ,  'speech data  from ' P fv s F Id ) -  *C '*
W r i te ln (T f ,  're s u l ts  to • NodeFId ' r p c i »
W r l te ln ( T f ) ;  * 6 l r t ' -RES');
( *  g ive  re s u lts  * )
W r l t e l n f T f ,  'A n a ly s is  r e t u r n s  match e r r o r  E r r o r -  8 
' f o r  D a ta L In k  /  100: 8: 2,
' seconds  o f  I n p u t . 1) ;
" n t e l n ( T f ) ;  W *
* * , r - e #  f i n i n g  sequence  o f  m atched  tem pla tes * )
# r i t e l n ( T f , ' T h e  sequence  o f  te rm in a l  sym bo ls  a c h i e v i n '
' th a t  score  is* ) ;  3 *
W r i te ln f  T f ) ;
T re c » M e tc h (S y e .M o a t ,  T f ) ;
" » ■ • t e l n ( T f ) ;
W r t t e l n ( T f ) ;
I *  p r o d u c e  labe l led  b r a c k e t in g  of te rm in a l  sym bols  * )
# M t e l n ( T f ,  'T h e  p h ra s e  s t r u c t u r e  as analysed*.
' b y  the  g ra m m a r is ' ) ;
# 'M e ln (  T f ) ;
H e l n ( T f ) ;
l e het led ttracket ing tSys .Noot , Tf);
* M l e l n ( T f | ;
# M » e ln ( T f ) ;
• h d  ( ' a n a l y s i s * )  .
